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SOME OBSERVATIONS ON THE FATE OF EXOGENOUS 
5-HYDROXYTRYPTAMINE (ENTERAMINE) IN THE RAT 


By V. ERSPAMER 
From the Institute of Pharmacology, University of Bari, Italy 


(Received 25 July 1955) 


It is generally accepted that the 5-hydroxytryptamine (5-HT) present in blood 
and spleen of vertebrates is derived from the enterochromaffin cells of the 
gastro-intestinal mucosa, that it is secreted from these cells into the plasma 
and then largely absorbed by the thrombocytes which may be regarded as a 
circulating reservoir for 5-HT. The possibility exists that the 5-HT secreted 
into the vessels of the gastro-intestinal mucosa and then taken up by the plate- 
lets is subsequently again released into the plasma in other vascular areas. 

The 5-HT in platelets is stable and biologically inert; that in plasma is 
biologically active and exposed to the action of various enzymes, particularly 
to amineoxidase, which has been shown to act upon exogenous 5-HT 
(Erspamer, 1954a, 19550; Titus & Udenfriend, 1954). The urinary 5-hydroxy- 
indoleacetic acid is probably all, or nearly all, a product of the action of amine- 
oxidase on 5-HT, although the possiblity exists of an alternate pathway which 
would lead from 5-hydroxytryptophan to 5-hydroxyindoleacetic acid, by- 
passing 5-HT (Udenfriend, personal communication ; Blaschko & Hope, 1955). 
In in vitro experiments it was shown that 5-HT can be absorbed by platelets 
from their suspending medium (Humphrey & Toh, 1954; Hardisty & Stacey, 
1955.4, b), but we do not know whether such absorption occurs also when 5-HT 
is injected into animals, nor do we know how 5-HT injected into animals is 
distributed between plasma and thrombocytes. 

In the present experiments 5-HT was injected subcutaneously into rats, in 
order to determine its rate of absorption from the site of injection, its levels in 
the serum, its distribution between plasma and platelets, the amounts taken 
up by the gastro-intestinal tract and spleen, and its recovery as urinary 
5-hydroxyindoleacetic acid. The levels of 5-HT in serum after subcutaneous 
injections were further compared with those after intraperitoneal injections 
of 5-HT. 
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METHODS 


Rats weighing 130-200 g were used. The 5-HT was injected as creatinine sulphate (Farmitalia 
8.p.A.), but all values given refer to the base. Two ml. of an 0-12% solution of the creatinine 
sulphate correspond to 1 mg base. 

Preparation of acetone extracts of serum and plasma. Blood obtained by decapitation was kept 
for 2-3 hr at room temperature and then for 20 hr at about 2-3° C before the serum was separated 
by centrifuging. To obtain plasma the rats were given an intraperitoneal injection of 30 mg/kg 
of heparine 30-40 min before decapitation. The blood was collected in silicone-coated centrifuge 
tubes containing 1 drop of 5% heparine and the plasma separated by centrifuging at 3000 rev/min 
for 20 min. Both serum and plasma were treated with 4 vol. of acetone, left standing overnight in a 
refrigerator and then filtered. These acetone extracts could be kept indefinitely at low temperature. 
Before the bioassay the acetone was removed by evaporation under reduced pressure or, if small 
' quantities were used, by rapid evaporation in a boiling water bath under an air stream. The 
remaining liquid was brought to the desired volume with distilled water or 0-9% NaCl solution. 
It was found that with this method recovery of 5-HT, added as picrate or creatinine sulphate to a 
sample of serum or plasma of various species, was 85-105%. A similar recovery was obtained by 
Hardisty & Stacey (19555). 

Preparation of acetone extracts from gastro-intestinal wall, spleen, liver, skeletal muscle and skin. 
The gastro-intestinal tract was slit open longitudinally, washed out with tap water and carefully 
blotted with filter-paper. The spleen and liver were washed only when 5-HT was given intra- 
peritoneally. As skin extracts were made to determine the recovery of 5-HT from the site of 
injection, methylene blue was added to the 5-HT solution in a concentration up to 1 in 10,000 so 
as to facilitate delimitation of the area infiltrated by the solution. After killing the rats the skin 
and underlying muscle layers stained by the dye were cut out. The methylene blue did not 
interfere with the absorption or bioassay of 5-HT. 

The tissues were extracted with 4 parts (w/v) of acetone for 24 hr, and after decanting the 
acetone re-extracted with three to four parts of 80% acetone for another 24 hr. The combined 
filtrates were stored in the cold until used. The acetone was removed as described for the plasma 
and serum extracts. 

Bioassay of 5-HT, The extracts were assayed on the atropinized oestrous uterus of ovariecto- 
mized rate (Erspamer, 1940, 19484, b, 19544). Young rate, weighing 120-160g were ovariectomized 
and then, after a recovery period of at least a week, injected subcutaneously, on two successive 
days, with single doses of 100-200 ug of oestradiol dipropionate. The uterus was removed 4-7 days 
after the first injection and suspended in an aerated 10 ml. bath of Tyrode solution containing 
atropine (10~*) at 30-31° C. Uterine horns removed from ovariectomized rats gave more uniform 
and satisfactory results than those removed from non-ovariectomized animals pretreated with 
stilboestrol, as recommended by Amin, Crawford & Gaddum (1954). The response of the uterus 
preparation was recorded for 3-4 min, and the time interval between doses was @-3 min. Usually 
the response consisted of a number of contractions between which partial relaxation occurred, so 
that the full response consisted of waves of contractions superimposed on a more or less sustained 
tonic contraction, As shown and illustrated previously (Erspamer, 19555), the rise of the sus- 
tained contraction varies with the dose of 5-HT tested. Although all aspects of the uterus 
response must be considered during the assay, particular emphasis is laid on sustained contraction, 
not only on the height of this contraction but also how well it is maintained. Assays in which 
these criteria are not adopted will naturally give results which are not fully comparable with those 
obtained in the present paper. 

Interference by active substances other than 5-HT is easily recognized during the assay. 
Substance P has to be particularly considered in this connexion since it is present in the wall of the 
intestinal tract and is extracted by 75-90% acetone (Amin ef al. 1954). Its interference on 
sensitive preparations, however, was negligible, as shown by the fact that the uterus response to 
intestinal extract was abolished, or almost completely abolished, by the 5-HT antagonists 
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dibenamine and lysergic acid diethylamide. These drugs do not effect the contractions produced 
by substance 

Estimation of urinary 5-hydroxyindol ic acid. The concentrated urines were subjected to 
tive cx With alcohol acetone and with tar cat thes 
chromatographed on a poper, using the N-butanol-acetic acid-water mixture (4: 1:5) as solvent, and 
both p-dimethy Idehyde solution and Heinrich and Schuler’s NNCD reagent (4-nitro- 
2-chloro-1-di a-naphthalene sulphuric aay as developing agents. The 5-hydroxy- 
ms were visually pared, with respect to area and 
density of colour, with the spots obtained with known quantities of pure substance. Full details 
of the methods employed in urine purification and paper chromatography are given elsewhere 
(Erspamer, 1955a). In experiments in which 5-hydroxyindoleacetic acid was added to fresh 
human or dog urine (2-10 pg/ml.) recovery was between 90 and 100%. 


+ 1 2 8 
Time after injection (hr) 


Fig. 1. Percentage recovery of 5-HT from the area of subcutaneous injection. 


RESULTS 
Recovery of 5-hydroxytryptamine from the site of injection 

Rats were given subcutaneously either 0-5 or 5 mg/kg 5-HT and killed in 
pairs at intervals varying from 30 min to 8 hr. The percentage recovery of 
5-HT from the site of injection is shown in Fig. 1. Each value represents the 
mean obtained from two different skin extracts. Absorption is rather slow, as 
shown by the fact that between 14 and 16% of the injected 5-HT was still 
present 1 hr after the injection, and 3 hr after the injection of 5 mg/kg 7-5% 
could still be recovered from the site of injection. 


Serum and tissue content of 5-hydroxytryptamine after its subcutaneous 
and intraperitoneal injection 

In Table 1 the results are summarized of the 5-HT content in serum and 

various tissues after subcutaneous injection of 5 and 25 mg/kg and after 

intraperitoneal injections of 25 mg/kg 5-HT, Each value is the mean obtained — 

from three rats. The rats in the control groups were given 0-5 ml./100g distilled 
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water subcutaneously or intraperitoneally. The injections of 5-HT produced 

anuria lasting 4-6 hr, probably as the result in part of the specific vaso- 

constrictor action of 5-HT on the intrarenal vessel and in part of the intense 

long-lasting hypotension. 

Tasiz 1, Content in serum, wall of gastro-intestinal tract and spleen, of 5-HT at various times 
after its subcutaneous or intraperitoneal injection 


5-HT content in 
Dose of 5-HT and Time in hr Gastro-intestinal 
route of injection after injection Serum (yzg/ml.) tract (ug/g) Spleen (ug/g) 

Control, dist. water, ; 0-45 1-72 1-53 
subeutaneous 10 0-55 2-00 2-36 
100 0-61 2-10 2-23 
Control, dist. water, 1 0-59 1-76 2-13 
intraperitoneal 10 0-51 1-66 0-98 
48 0-76 1-66 0-86 
5 0-88 2-05 1-74 
1-23 2-30 2-58 
5 1-07 2-28 2-37 
10 0-98 1-82 4-76 
24 0-86 1-64 2-58 
50 0-62 1-70 1-29 
100 0-73 1-68 2-04 
25 mg/kg + 2-34 2-48 1-64 
subcutaneous | 2-71 2-00 2-15 
2 2-87 1-90 2-40 
5 1-88 1-84 2-87 
10 1-33 1-65 3-40 
24 1-23 1-65 2-25 
48 1-13 1-73 1-35 
100 0-61 1-94 0-68 

25 mg/kg + 4-55 5-33 sie 

intraperitoneal 1 3-53 4-01 
2 1-60 3-00 6°45 

5 1-02 2-66 —_ 
10 0-80 1-84 3-20 
24 0-85 2-04 2-50 


It will be seen from Table 1 that after the subcutaneous injection of 5-HT 
its level in serum rose, reached a maximum after 2 hr, the maximum being 
dependent on the amount injected, and then fell very gradually within 24-100 hr 
to the original level. This slow return to the normal 5-HT level after its 
subcutaneous injection is illustrated in Fig. 2, and contrasts with the much 
quicker return after intraperitoneal injection. After the intraperitoneal 
injection of 25 mg/kg the 5-HT level in serum rose about twice as high as after 
subcutaneous injection of the same dose, reached its maximum earlier and then 
fell much more rapidly. The slow rise and the prolonged return to normal of the 
5-HT level after its subcutaneous injection is in part explained by the slow 
absorption from the site of injection as shown in the previous section. 

The 5-HT also increased the 5-HT content of the wall of the gastrointestinal 
tract and spleen. The increase in the wall of the gastrointestinal tract was 
transitory and occurred during the period of high 5-HT content in plasma. It 
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can thus be explained by simple diffusion of plasma 5-HT and does not 
provide evidence for a selective absorption by the enterochromaffin cells of the 
gastro-intestinal wall. This explanation is supported by the results of a few 
experiments in which the 5-HT content of striated muscle and liver, tissues 
which normally contain no or very little 5-HT, was examined as well. Thirty 
minutes after the intraperitoneal injection of 25 mg/kg 5-HT the muscle con- 
tained 2-5-3, and the liver 2 wg/g as compared to 4-55 ug/ml. serum. 

About the changes in the 5-HT content of spleen after the 5-HT injections, 
no definite conclusions can be reached because of the great individual varia- 
tions in the normal 5-HT content of this organ and in its weight. The values of 


x----x Control rats 
o—— Rats given 25 mg/kg 5S-HT subcutaneously 
O——O Rats given 25 mg/kg 5-HT intraperitoneally 


Serum 5-HT levels (ug/mi.) 


2 
1 : 
~-%----------------- 
10 24 48 100 


Time after injection (hr) 
Fig. 2. Serum 5-HT levels after subcutaneous and intraperitoneal injection of 25 mg/kg 5-HT. 


5-HT, however, obtained after the injection of 25 mg/kg suggest a real 
increase, and it is possible that the intact platelets or megakaryocytes in 
the spleen are able, like the circulating thrombocytes (see next section), to 
absorb 5-HT from the abnormally rich plasma 5-HT. 3 


Plasma and platelet 5-hydroxytryptamine after its subcutaneous injection 

The platelet 5-HT was calculated as the difference between serum and 
plasma 5-HT. The results are shown in Fig. 3. The value obtained at zero time 
was obtained by determining the 5-HT content of plasma in three rats, and 
that of serum in another three which had received no injection of 5-HT. The 
figure shows that the plasma 5-HT reached a maximum 2 hr after the sub- 
cutaneous injection of 25 mg/kg, and that even 10 hr after the injection 5-HT 
was still present in plasma. The platelet 5-HT also rose after the injection, but 
the rise showed a different time course. There was only a slight increase after 
2 hr and the maximum rise occurred after 5 hr. At this time the platelets 
contained about 260% of their usual 5-HT content. Between the 5th and 
10th hr the platelet 5-HT decreased by 25% only. 
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0 2 5 1 
Time after injection (hr) 
Fig. 3. Distribution of 5-HT between plasma and platelets in rats at various times after a sub- 
cutaneous injection of 25 mg/kg 5-HT. Whole columns, 5-HT levels of serum; shaded areas, 
5-HT levels of plasma; black areas, 5-HT content of platelets. Each column represents the 
mean values obtained from three rats. 


Urinary recovery of 5-hydroxyindoleacetic acid after subcutaneous 
injections of 5-hydroxytryptamine 

Rats were given 5-HT subcutaneously 15 mg/kg (12 rats), 5 mg/kg (8 rats) 
and 1 mg/kg (20 rats). At the same time they were given by stomach tube 
5 ml. of tepid water per 100g and the urine was collected during the following 
10 hr. The injections of 15 and 5 mg/kg caused anuria for 3-4 hr and, of the 
water given, 50% was eliminated after 7 and 5 hr respectively. The anuria 
after 1 mg/kg lasted 1} hr and 50% of the water given was eliminated 
after 4 hr. The recovery of the injected 5-hydroxyindoleacetic acid was 27-6% 
after 15 mg/kg, 40-56% after 5 mg/kg and 47% after 1 mg/kg. 


DISCUSSION 

The results show that 5-HT is only very slowly absorbed after a subcutaneous 
injection. This can be attributed to the reduced blood supply which must exist 
at the site of injection as a result of the local vasoconstriction produced by 
5-HT and which is intensified by the systemic hypotension after some of the 
5-HT has been absorbed. The prolonged increase in the blood 5-HT levels 
after a subcutaneous injection of this substance is to a great extent attribut- 
able to this gradual absorption. 

Whereas no evidence was found for a selective absorption of 5-HT by the 
argentaffin cells of the gastro-intestinal tract from plasma made abnormally 
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rich in §-HT by its subcutaneous or intraperitonéal injection, such a selective 
absorption must be postulated for the platelets x the rise in platelet 5-HT 
after a subcutaneous injection of 25 mg/kg did not run parallel to the rise in 
plasma 5-HT but was delayed and prolonged. After such an injection the 
plasma 5-HT reached its maximum after 2 hr, the platelet 5-HT after 5 hr and 
then decreased by 25%, in the subsequent 5 hr period. It is unlikely that the 
plasma would still have contained detectable amounts of 5-HT 24 hr after the 
injection, so that the increase of 5-HT in serum 48 hr after the injection shows 
that it would have taken more than 2 days for the platelet 5-HT to return to 
its normal value. 

If we accept the life of rat platelets to be approximately 5 days, about 
4-5% of the platelet 5-HT would be liberated in a 5 hr period by platelet 
destruction. Therefore, the finding of a 25% decrease in platelet 5-HT 
between the fifth and tenth hour after a subcutaneous injection of 25 mg/kg 
suggests a release of 5-HT from intact platelets. On the other hand, the fact 
that it takes more than 2 days before the platelet 5-HT returns to its normal 
level after such an injection shows the remarkable tenacity of platelets in 
retaining absorbed 5-HT. 

The ability of intact platelets to release absorbed 5-HT and their tenacity in 
retaining it is.of interest in connexion with other observations on 5-HT. For 
instance, Toh (1954), as well as Erspamer & Testini (unpublished), postulated 
a continuous absorption and release of 5-HT by the intact thrombocytes 
because the portal and hepatic blood returning from the intestine, as well as 
the serum but not the plasma of such venous blood, contained more 5-HT than 
blood or serum obtained from an artery. On the other hand, Udenfriend 
(personal communication) and Erspamer & Testini (unpublished) have drawn 
attention to the tenacity of the anchoring of 5-HT, or an aliquot of 5-HT, in 
the platelets. In experiments with “C labelled 5-HT, Udenfriend found a half 
life of 5-HT in rabbit and dog platelets of approximately 24-3} days and, 
according to Erspamer & Testini, dogs deprived of the spleen and the gastro- 
intestinal tract, ie. of the enterochromaffin cell system, did not show any 
important decrease in the 5-HT content of serum, during the 2448 hr of 
their survival. 

The finding of an increase of 260% of platelet 5-HT by absorption from 
plasma made abnormally rich in 5-HT after subcutaneous injection of this 
substance agrees with the results of the in vitro experiments by Hardisty & 
Stacey (1955.a, b). These authors incubated platelet-rich human plasma with 
5-HT. After 90 min incubation at 37°C with 5-HT to give a final concentration 
of 0-8~1-2 yg/ml. they found an increase in the 5-HT content of platelets from 
0-058 to 0-147 ug per 10® platelets, i.e. an increase of about 250%. If these 
increases represent maximal 5-HT saturation of the platelets the normal 5-HT 
saturation of platelets would be about 40%. 
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The platelet 5-HT was calculated from the difference between serum and 
plasma 5-HT. This calculation presupposes that when whole blood clots all 
the platelet 5-HT appears in the serum. According to Zucker & Borrelli (1955) 
and to Hardisty & Stacey (19556), however, human serum contains only half or 
even less of the 5-HT found in a corresponding amount of platelet-rich plasma. 
It is not known if the same applies to rat serum obtained from whole blood. In 
this species the mean value of serum 5-HT obtained in 120 rats was 0-55 yg/ml. 
which is remarkably higher than the value of 0-2 wg/ml. obtained by Uden- 
friend & Weissbach (1954) for whole blood with a chemical method and some- 
what higher than the value of 0-4 ug per 10° platelets found by Humphrey & 
Jaques (1954) for their platelet suspensions using a biological method. Even 
if the serum 5-HT of rats, however, were to represent only part of the 5-HT 
contained in the whole blood, changes in serum 5-HT would still be a satis- 
factory indication for the changes in the 5-HT content of whole blood or of 
platelet-rich plasma. 

The finding that the percentage recovery of subcutaneously injected 5-HT 
as urinary 5-hydroxyindoleacetic acid decreased with the dose of 5-HT in- 
jected may be ascribed to the more intense block of glomerular filtration which 
occurs after the injection of the higher doses of 5-HT. Consequently, the stay 
of the metabolite in the organism is prolonged, and it is thereby exposed to 
profound breakdown processes which may well involve the rupture of the 
indole ring. 


SUMMARY 


1. Rats were injected subcutaneously with 5-HT in order to determine its 
rate of absorption from the site of injection, its levels in serum, its distribution 
between plasma and platelets and its recovery as urinary 5-hydroxyindoleacetic 
acid. In some experiments 5-HT was injected intraperitoneally as well. 

2. Subcutaneously injected 5-HT is very slowly absorbed. After an injec- 
tion of 5 mg/kg 16% is still present at the site of injection 1 hr after, and 
7-5% 3 hr after the injection. The slow absorption is attributed to the local 
vasoconstriction produced by 5-HT and to the hypotension which occurs after 
some of it is absorbed. 

3. After a subcutaneous or intraperitoneal injection of 5-HT the 5-HT 
levels in serum rise. After an intraperitoneal injection the 5-HT level rises 
higher but returns more quickly to its original level than after a subcutaneous 
injection of the same dose of 5-HT. The prolonged maintenance of high 5-HT 
levels in serum after the subcutaneous injection is in part accounted for by 
the slow absorption. 

4, Platelet 5-HT, calculated as the difference between serum and plasma 
5-HT, rose after a subcutaneous injection of 25 mg/kg 5-HT. The maximum 
rise occurred after about 5 hr when the platelets contained about 260% 
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of their usual 5-HT content; in the following 5 hr they lost about 25% of 
their 5-HT. 

5. From the results obtained about the 5-HT content of platelets at various 
times after a subcutaneous injection of 25 mg/kg it is concluded: (a) that 
platelets are capable in vivo of absorbing 5-HT from plasma made abnormally 
rich in 5-HT; (6) that intact platelets can release absorbed 5-HT; but (c) that 
they show a remarkable tenacity in retaining absorbed 5-HT. 

6. Subcutaneously injected 5-HT is only partly recovered as urinary 
5-hydroxyindoleacetic acid. The recovery decreased from 46 to 27% with an 
increase in the dose of 5-HT (1-15 mg/kg) injected, probably as a result of the 
more intense block of glomerular filtration produced by the higher doses 
of 5-HT. 
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Most previous knowledge of the cerebral circulation was based on the 
measurement of blood flow in the carotid arteries (Rein, 1929) or pial blood 
vessels (Forbes, 1928), or on the measurement of total brain blood flow by 
clearance methods (Kety & Schmidt, 1945) or radioactive methods (Nylin & 
Blémer, 1955). Very little is known about the control of deep cerebral blood 
vessels. 

In the present work blood flow changes were recorded in the substance of 
the frontal lobes by means of ‘internal calorimetry’. This is a development 
of the heated thermocouple method (Gibbs, 1933), which was originally 
applied qualitatively to brain blood flow studies by Schmidt & Pierson (1934). 
In its present form, the technique gives a record of thermal conductivity, 
which in other organs has been shown to be a linear function of blood flow 
(Grayson, 1952). 

The first object of the present work, therefore, was to demonstrate the 
validity of the method for the brain. The second object was to use it first to 
determine the importance of neural factors and adrenaline in the control of 
deep cerebral blood flow, and secondly to investigate the adaptations which 
take place in the intracerebral circulation during changing blood pressure. 


METHODS 


A development of the technique of ‘internal calorimetry’ (Grayson, 1952) was used for the 
measurement of thermal conductivity in the brain. The recording instrument is a copper-con- 
stantan thermocouple with an attached filament of constantan through which a heating current 
can be passed. 

It has been shown (Grayson, 1952) that, when a constant current is passed through the heater, 
heat exchanges in such an instrument are governed by the simple relation J*=F6k (where I = 
heating current, = temperature increment, k =thermal conductivity of medium, F =instrumen- 
tal factor). F is constant for any given recorder and its determination has already been described. 
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From the formula, ‘k’ can be calculated if we know ‘/’ and ‘6’. In the practice of ‘internal 
calorimetry’, a8 previously described, the current required to produce a temperature rise of 
1° C was determined using a manually operated apparatus and visual means of estimating tem- 
perature and current. An element of personal skill was involved and there was a possibility of 
personal error, particularly when the base-line temperature was subject to change. | 

In their muscle blood-flow recorder Hensel, Ruef & Golenhofen (1954) solved the difficulties 
by using @ large needle incorporating heater, thermocouple and cold junction. This was not 
applicable to the present work, partly because the instrument was too large, partly because its 
working depends on the assumption that tissue temperature is the same both at the recorder 
and at the cold junction. Since Gerard & Serota (1936) showed that sharply localized tempera- 
ture changes could occur in the brain, this assumption could not be regarded as valid for our 
present purposes. In the present work, therefore, a different development of the technique was 
used to eliminate personal factors. 

Temperature was recorded continuously on photographic paper by means of a moving coil 
galvanometer, slit lamp and recording camera. Fixed values of /* were supplied to the heater 
by an automatically operated device and the corresponding temperature elevation measured on 
the photographie record. As the equation shows, & was an inverse function of the temperature 
increment, 8, and could be calculated. 

A complication in the development of this method of recording was the fact that on applying 
current to the filament 7 min was needed for the attainment of temperature equilibrium (Gray- 
son, 1952); again on switching off the current 7 min was required for full cooling. Readings 
could not, therefore, be taken at less than 14 min intervals. 

To cut down the time necessary, a system of overheating and overcooling was adopted. This 
was made possible by beginning the readings from an already elevated temperature base-line 
(lower equilibrium temperature) produced by a current of 0-447 A (/*=0-20). The temperature 
corresponding to a further J* increment of 0-115 was termed ‘upper equilibrium temperature’. 

In order to obtain stable upper and lower equilibria, current was supplied to the heater as 
follows: (1) 0-447 A (J*=0-20) for 24 sec lower equilibrium; (2) 0-775 A (J*=0-60) for 17 sec; 
(3) 0-561 A (J? 0-315) for 24 sec upper equilibrium; (4) zero current for 17 sec. The cycle thus 
incorporated short bursts of overheating and overcooling with 24 sec at each equilibrium level. 
The difference between the upper equilibrium and lower equilibrium temperature was thus the 
temperature rise produced by an J* increment of 0-115 and & could be readily calculated from 
the equation. 

The current and time values were arrived at empirically. It was important that equilibration 
should always be complete over a wide range of thermal conductivity. Accordingly, tests were 
made on inert media of thermal conductivity ranging from 11-2 x 10~* to 26-13 x 10~ c.g.s. unite. 
Results obtained by this method and by the manual method were identical throughout the range. 

Apparatus, The apparatus used to deliver heating current according to the above cycle is 
illustrated diagrammatically in Fig. 1. The source of current was a 100 A-hr 6 V accumulator. 
M,, M, and M, were microswitches operated through cams driven by a constant speed motor. 
At one position of the cams all three switches were open so that no current passed. Each heater 
lead contained a fixed resistance, R,, R,, R, to bring the current in each lead within the required 
range. Fine control was effected by the slide wire resisiances in the switching box (Fig. 1B). 
An additional 0-10 Q decade resistance was included in the lower equilibrium circuit, since with 
low currents the 0-1 ( slide wire resistance would not give sufficient flexibility. 

Heater resistance varied slightly from recorder to recorder. Accordingly, a Cambridge L.Y. 
unipivot galvanometer was connected to the main heater circuit through a vacuojunction. This 
enabled J® values to be read directly, and adjustments to be made at the beginning of each 
experiment by means of the variable resistances. 

The switching box shown in Fig. 1 B housed the adjustable resistances and the microammeter, 
it also incorporated a circuit whereby a standard manual box (Grayson, 1952) could be brought 
into use to check the J* value at any one time. Wiring details will be apparent from the figure. 
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To facilitate adjustment of the recording light beam on the camera scale a simple potentio- 
meter circuit as shown in Fig. 1C was used. This was sufficient to compensate for a 15° C 
difference in temperature between cold junction and recorder. 

The recorders themselves were of the standard pattern described elsewhere, with a slight 
modification that 36 s.w.g. copper and constantan wire was used for the thermocouple, the con- 
stantan wire being prolonged 4mm with 42 s.w.g. copper wires (heater leads) soldered at the 


tip and 1 mm from the th juncti king the heater filament 3 mm long. 
B 
T; 
nn VJ. A 
T, 
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Fig. 1. Internal calorimetry. Wiring of ancillary apparatus for photographic recording. (A) B, 
100 A-hr 6 V accumulator. M,, M,, M,, microswitches operated by cam from constant 
speed motor. R,, R,, R,, fixed calibrating resistances to give approximate output currents. 
T,, T,, T,, T,, connexions from the cam operated supply. (B). Switching box. V.J., vacuo- 
junction with output connected to Cambridge L.Y. microammeter, A, calibrated by variable 
resistance to read J* directly. Y, Yaxley switch shown connecting switches to heater leads 
H, and completing the thermoelectric circuit from recorder C, through the junction box 
J.B. to the cold junction. In the alternative position of the Yaxley switch heater leads H, 
from the manual box are connected to the recorder heater leads H,; the recording thermo- 
couple C, is connected through the junction box to leads C, which connect to the manual 
box with its independent cold junction. G, connexions to the recording galvanometer. R, 
external resistance in galvanometer circuit. C.J., cold junction leads, (C). Potentiometer 
to introduce small opposing currents into thermoelectric circuit for purposes of scale adjust- 
ment. 


Thermal conductivity and brain blood flow. The application of the present technique to blood- 
flow measurement is exactly the same as previously described for ‘internal calorimetry’ (Gray- 
son, 1952). It has been shown that in liver (Grayson, 1952) and spleen (Hensel ef al. 1954) over 
the biological range, thermal conductivity is an approximately linear function of blood flow. It 
might be reasonable to suppose that the same would also apply in the brain. However, perfusion 
experiments were carried out to investigate this. A blood-flow recorder was implanted in the 
frontal lobe of a lightly anaesthetized cat. The vertebral arteries and veins were ligated, the 
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femoral arteries cannulated and connected to a reservoir of blood, itself maintained under con- 
trolled pressure. All jugular veins were cannulated headwards (the number of jugular veins 
varied in different animals but usually there were two main internal jugular and two main 
external jugular veins). Arterial branches supplying the muscles of the neck and face were 
ligated as far as possible. The blood flowing down the jugular veins was collected and the rate 
of flow measured by means of measuring cylinder and stop-watch. The blood was then returned 
by means of a pump, via the reservoir, to the systemic circulation. It was probably reasonable 
to assume that the venous outflow measured was very largely cerebral outflow. 
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Fig. 2. Graph of conductivity increment (in c.g.s. units), recorded in the frontal lobe of the ca 
against jugular venous outflow, showing a straight-line relationship over the physiological 
range. | 


Arterial pressure was lowered in stages to zero and thermal conductivity of the frontal lobes 
compared with venous outflow. It will be seen from Fig. 2 that the correlation was approxi- 
mately linear. Similar results were obtained in all such experiments. 

Implantation of blood-flow recorders. In the present experiments cats, rabbits, sheep and kid 
goats, lightly anaesthetized with pentobarbitone sodium (Nembutal, Abbott Laboratories) were 
used. The skull was exposed by a longitudinal incision and a trephine hole placed, just lateral to 
the mid-line and } in, anterior to the level of intersection of lines from the mesial canthus of the 
eye to the base of the contralateral ear, in the case of the cat and rabbit, and at the level of the 
intersection of lines from the mesial canthus of the eye to the base of the contralateral horn in 
the sheep and goat. Under direct vision the recorder was inserted through the dura to a depth 
which varied with the species. In the rabbit this was about 2 cm, the direction of insertion being 
such as to bring the recorder tip near the centre of one or other frontal lobe. The trephine hole 
was packed loosely with cotton-wool and the recorder further secured by a suture through a loop 
in the wire and by the closure of the skin incision around it. 

Bicod-pressure recording. In the rabbit blood pressure was recorded photographically from 
the femoral artery (the rabbits were fully heparinized). In sheep and goats, mercury mano- 
meters and kymograph recording were used and clotting was avoided by a continuous slow 
mechanical infusion of saline through the recording cannula. 
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Blood-pressure compensation. In order to impose blood-pressure changes in fully heparinized 
rabbits and cats, the other femoral artery was cannulated and connected to a reservoir of donor 
blood. The reservoir was connected to a large bottle in which the pressure could be regulated by 
means of a foot pump and manometer. On lowering the pressure in the pressure bottle, blood 
flowed from the animal into the reservoir until equilibrium was attained. Arterial blood pressure 
could thus be lowered from resting level to zero. The compensator was also used to prevent 
blood-pressure change during an adrenaline infusion. With a cannula in the femoral artery, how- 
ever, the exchange between the reservoir and the animal was not sufficiently quick, and in a few 
experiments a common carotid artery was used. 


RESULTS 


Thermal conductivity was recorded from the frontal lobes of sheep, goats, 
rabbits and cats. In twenty-four experiments /* values (see Methods) were 
measured with apparatus operated manually, in nineteen experiments the 
apparatus was automatically operated, photographic recording being used as 
described. There was no significant difference between the results obtained 
by these two methods. Photographic recording was, of course, easier in 
operation; it was possible with this method to analyse small changes with 
greater accuracy and to allow for changes in tissue temperature. The tech- 
nique was particularly valuable with small blood flows. 


Resting variations in anaesthetized animals 

A wide scatter of blood-flow readings has been obtained throughout the 
present work. Conductivity increments recorded in sheep, lightly anaesthe- 
tized with pentobarbitone sodium, ranged from 4-6 to 15-1 x 10-¢, with mean 
values of 7-6x10-*. In rabbits the range was 2-0 to 15-2x10-*, with a 
mean value of 6-5 x 10-+, in goats, 5-9 to 11-4 x 10-4, in cats 6-0 to 9-0 x 10-4, 
with a mean value of 7-8x10-*. In one animal the same recorder was 
re-inserted four times and conductivity increments of 1, 3, 3 and 12x 10 
were obtained from these slightly different sites of implantation. Variations 
between different sites of implant were observed in many different experi- 
ments. Yet in an animal at rest readings of 5k from any individual implant 
were constant and showed no fluctuation. 


Effect of nerve block on resting blood flow in the brain 

Direct denervation of the cerebral blood vessels was not attempted, but 
ganglion blocking agents, hexamethonium bromide and tetraethylammonium 
chloride were used for the same purpose. Fig. 3 illustrates a typical finding. 
In this experiment on one animal photographic recording was used to calcu- 
late thermal conductivity in the rabbit brain, the animal being lightly anaes- 
thetized with pentobarbitone sodium. Fig. 3A shows a section of the record 
when blood pressure was 100 mm Hg, @ was 0-415° C, whence the thermal! 
conductivity was 25-2x 10-4. Thermal conductivity recorded by the same 
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instrument after death, calculated’ from the section of the record shown in 
Fig. 3D, was 10-0 x 10-*, whence by subtraction the excess thermal conduc- 
tivity, 6k, due to circulating blood, was 15-2x 10-4. The record shown in 
Fig. 3B was taken after a total dose of 30 mg tetraethylammonium chloride 
had been administered in three doses of 10 mg at 10 min intervals (the last 
dose had no effect on blood pressure), Blood pressure after ‘ ganglion blocking’ 
in this way was 100 mm Hg; 5k was calculated to be 12-8x 10-4. A further 
dose of 2 mg atropine was given and the effect is shown in Fig. 3C. Blood 


A B Cc 
Control + TEAC + 


D 
Atropine Dead 
20 
— 
| 
0 
100mm Hg 100 mm Hg 94mm Hg BP. Omm Hg 
O=0-415°C 6 =0-46° C 6 =45°C A-=1-05° C 


k=25-2 x10~* k=228x10* | k=234x10* | k= 


0 2 4 6 2 
Time (min) 


Fig. 3. Internal calorimetry: photographic record of the temperature of a heated thermocouple 
in the frontal lobe of a rabbit. The heating current to the thermocouple was automatically 
varied in a cyclical manner as described in the text. (A) Control: animal anaesthetized with 
Nembutal. (B) After ganglionic blockade with tetraethyl ium chloride (TEAC). (C) 
After administration of atropine. (D) Animal dead. Values of & caloulated from photo- 
graphic trace using the equation k =0-115/8F (@=temperature difference at the two equili- 
brium levels; F for this instrument = 110). 


pressure was 94 mm Hg and 5k was now 13-1 x 10~*. That this was a sensitive 
preparation was shown by lowering the blood pressure transitorily below 
40 mm Hg; dk fell to 6-6 x 10-4, but recovered on restoring the blood pressure 
In this experiment then, administration of tetraethylammonium chloride 
had no significant effect on the resting level of cerebral thermal conductivity. 
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Similar results were obtained in eleven experiments. Atropine was given in 


twelve experiments. This substance, too, had no significant effect on the 
equilibrium level of cerebral thermal conductivity. 


Action of adrenaline on cerebral blood flow 
Fig. 4 shows the result of a typical experiment on a rabbit in which an 
intravenous infusion of adrenaline hydrochloride was administered at the 
rate of 5ug/min. Blood pressure rose rapidly from 90 to 148mm Hg and 
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Fig. 4. Effect of intravenous infusion of adrenaline on cerebral blood flow in the rabbit, showing 
record from heated thermocouple in frontal lobe, femoral arterial pressure and, below, con- 
ductivity increment (3k) calculated from record. 


remained at this level throughout the period of the infusion. 5k, calculated 
from the photographic trace, rose at the beginning of the infusion from 5 x 10-* 
to 9:1 x 10-*. The maximal elevation of flow indicated by the 5k value was 
recorded 14 min after the beginning of the infusion. Thereafter blood flow 
declined slowly during the period of the infusion. During the same period 
there was a simultaneous fall in brain temperature. On stopping the infusion 
blood flow fell just below the resting level, returning again within 3—5 min. 
Thirty-six adrenaline infusions were given to twelve rabbits in doses varying 
from 0-5 to 10g/min. Results were qualitatively similar in all cases. 
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Similar results were obtained in sheep, goats and cats. Thus, provided the 
dose of adrenaline was sufficient to raise the blood pressure, cerebral 5k values 
rose to @ maximum level within 3 min, and thereafter in most experiments 
declined towards resting levels, even though the infusion was continued and 
the blood-pressure elevation maintained. In long continued infusions (up to 
20 min at 5ug/min in the rabbit) 5 never dropped below resting levels during 
the period of infusion, but on stopping 5k was occasionally observed to fall 
transiently below resting levels. 
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Fig. 5. Effect of intravenous infusion of adrenaline, showing photographic record and calculated 
5k. (A) Rabbit anaesthetized with Nembutal, no blood-pressure compensation. (B) Systemic 


Adrenaline infusion following blood-pressure compensation 

Fig. 5B shows the results of an experiment in a rabbit in which blood 
pressure was prevented from changing by connecting the compensating reser- 
voir to a carotid artery (compensation through the femoral artery was in- 
effective). In this case the cannula was inserted headwards, and blood 
pressure recorded from a femoral artery. On occasions when femoral arterial 
pressure showed very little change during intravenous adrenaline infusion it 
may, perhaps, be assumed that there was even less change in the effective 
perfusion pressure of the brain. Adrenaline in a dose of 5yg/min infused into 
the femoral vein, before compensation (Fig. 5 A), produced a 73% rise in blood 
pressure and a 100% increase in 5k; after compensation the same dose pro- 
duced a decrease of 7% in 5k. 

In a second experiment the compensation was less effective, nevertheless, 


the blood-pressure response was greatly reduced, and a dose of adrenaline 
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which had previously caused a 60% increase in blood flow now produced 
only a 10% increase. 

The effect of intracarotid infusions of adrenaline. Infusion of adrenaline 
direct into the carotid artery was carried out in eight experiments on different 
animals (Table 1). Doses were similar to those previously used intravenously 
but the results were significantly different. Whereas in nearly every intra- 
venous adrenaline infusion 5k rose by 40-80%, in 3 min (see Tables 2 and 3), 
in only one intracarotid infusion was there a slight rise (5-5%) in 5k. In the 
other experiments 5k fell by significant amounts. 


Effects of intracarotid infusions of adrenaline 


bk 

After After 5 min Infusion 

3 min 7 min after end rate 
Animal Resting infusion infusion of infusion (ug/min) 
Goat 71 3-8 10-5 7-2 30 
Goat 8-2 6o 8-0 8-1 
Sheep 7-2 6-9 7:2 7-2 
Sheep 15-1 14-9 15-1 15-1 30 
Sheep 6-6 6-9 12-1 6-8 
Rabbit 12-1 11-7 12-1 12-1 
Rabbit 11-7 11-3 113 11-7 5 


Rabbit 12-9 12-0 12-1 12-9 


TaBLE 2. The effects of intravenous adrenaline infusion before and after administration of gang- 
lion blocking agents. In each case blood-pressure change after blocking equalled or was 
slightly greater than that before. HMB=hexamethonium bromide; TEA =tetraethy]- 
ammonium chloride 


Percentage flow increase 
after 3 min infusion 
Animal Agent Before block After block 
Goat HMB +40 
Goat TEA +50 -14 
Goat TEA +80 +50 
Sheep TEA +60 +23 
Rabbit TEA +60 +25 
Rabbit TEA +60 0 
Rabbit TEA +65 +10 


TaBLe 3. The effects of intravenous adrenaline infusion before and after administration of atro- 
pine. In each case blood-pressure change after atropine equalled or was greater than that 


before 
Percentage flow increase after 
3 min infusion 
Animal Before atropine After atropine 
Goat +26 ~ 20 
Goat + 54 -14 
Goat +50 -21 
Rabbit +71 ~-13 


Rabbit +75 +20 
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During the first 3 min of such an infusion there was usually little change 
in pressure in the femoral artery; thereafter it usually rose. In some experi- 
ments it was similar in extent to that produced by the same dose of adrena- 
line administered intravenously. In four vf the experiments where the blood 
pressure rose, an increase in cerebral 5k values also occurred. Such an increase 
was never seen until the blood pressure had risen. 

The effect of ganglionic blocking agents on cerebral responses to adrenaline. 
In eighteen experiments on sheep, goats and rabbits, intravenous infusions 
of adrenaline sufficient to cause blood-pressure increments of 50-100% were 
accompanied by characteristic short-lived elevations of 5k. Administration 
of tetraethylammonium chloride profoundly modified the effect. The seven 
results given in Table 2 were selected because in each case, after an effective 
blocking dose, the blood-pressure response to a 5 min infusion was, after 
3 min, the same or greater than the response before blocking. In spite of the 
occasionally enhanced blood-pressure response, the 3k response to adrenaline 
infusion was in all cases diminished and in some cases reversed. | 

The effect of atropine on blood-flow responses to adrenaline. The results of 
five experiments are given in Table 3. These cases were selected from a wider 
series because, after atropine, the blood-pressure responses to a fixed dose of 
adrenaline were the same or slightly greater than before. In four instances 
the brain blood-flow responses were reversed, in the other the effect of a given 
dose of adrenaline was greatly decreased. 


Carotid arterial contribution to cerebral blood flow 

Clamping one carotid artery alone never produced any lasting effect on 
cerebral 3k values in sheep, goats or rabbits. In most experiments 5k increased 
transiently, with the rise in blood pressure which followed carotid clamping. 

Clamping both carotids produced variable effects. Fig. 6 shows two typical 
results. The experiment shown in Fig. 6A was performed 2 hr after insertion 
of a cannula, directed headwards, into the left carotid artery. Pressures in 
the cranial stump of the carotid artery could thus be recorded. On clamping 
the remaining carotid artery, systemic arterial pressure rose, pressure in the 
carotid stump fell, then slowly returned to the resting level. Simultaneously 
there was a rise in cerebral blood flow which was not sustained. Similar 
results were obtained in all such experiments except that the blood flow 
changes were frequently less marked. 

Fig. 6B shows the effect of sudden clamping of both carotid arteries in the 
sheep. Headward pressures were not recorded. Blood flow fell rapidly then 
slowly recovered until, after 15 min, it was practically at resting level. 
Similar results were obtained in all such experiments. 

In both types of experiment it is interesting to observe that after 15 min 


clamping, brain blood flow had always returned to the resting level. 
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Fig. 6. Effect of carotid occlusion upon cerebral blood flow of the sheep. (A) Conductivity 
increment (3k) in frontal lobe, blood pressure in femoral artery and in cranial stump of 
divided left carotid artery during occlusion of intact right carotid artery. (B) Conductivity 
increment in frontal lobe and femoral arterial pressure during simultaneous occlusion of both 
intact carotid arteries. 


The effect of changing blood pressure on cerebral blood flow 

During the performance of a large number of experiments involving the 
administration of adrenaline, etc., it was observed that although systemic 
blood pressure itself fluctuated considerably during the course of an experi- 
ment, there was little change in the resting level of cerebral blood flow in 
most animals. Accordingly, experiments were carried out to investigate the 
relation between systemic arterial pressure and blood flow in the brain. Cats 
and rabbits, lightly anaesthetized with Nembutal, were used; blood pressure 
was recorded in a femoral artery. The other femoral artery was connected, 
through as wide a cannula as could be inserted, to the blood-pressure com- 
pensator. 5k was calculated for the frontal lobe. In a few experiments an 
external jugular vein was also cannulated for the recording of venous pressure. 

Fig. 7 shows the results of a typical experiment on a cat, in which systemic 
arterial blood pressure was lowered in stages from 93 mm Hg to zero. Cerebral 
5k values showed no significant changes in level until the blood pressure 
reached 40 mm Hg; thereafter they declined rapidly. In most experiments, 
each rapid drop in blood pressure produced a transient fall in 5k; when the 
blood pressure was maintained at its new level, 5k always returned to its 
previous level within 5 min. Fourteen experiments of this kind were per- 
formed on the rabbit. 

Fig. 8A shows a similar experiment. In this experiment there was a slow 
decline in flow with blood pressures below 60 mm Hg. Blood flow at 30 mm Hy 
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Fig. 7. Graph of conductivity increment (8k) and systemic blood pressure in the anaesthetized 
cat against time, the blood pressure being lowered in stages to zero. 
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Fig. 8. Effect of ganglionic blockade upon blood-flow response to lowered systemic arterial blood 
pressure. Graph of conductivity increment in the frontal lobe against femoral blood pressure. 
(A) Rabbit anaesthetized with Nembutal. (B) After effective ganglionic blockade with tetra- 
ethylammonium chloride. 
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was 25% less than that at 70mm Hg. Maximal change occurred between 
arterial pressures of 30 and 20mm Hg. When the arterial pressure was 
15 mm Hg cerebral blood flow was not measurable. 

The effect of ganglion blocking agents on the blood-pressure responses. Systemic 
arterial blood pressure in five rabbits was lowered in stages after the admini- 
stration of tetraethylammonium chloride. Fig. 8B shows a typical experi- 
ment of this kind. The form of the curve is similar to that seen in Fig. 8A. 
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Fig. 9. Reversibility of cerebral blood-flow response in the rabbit to lowered systemic arterial 
blood pressure; graph of conductivity increment in the frontal lobe and femoral arterial 
blood pressure against time. (A) Arterial blood pressure lowered in stages to 10 mm Hg and 
then raised. (B) Arterial blood pressure reduced rapidly (at arrow) to 10 mm Hg and then 
raised slowly. 


5k began to decline when the arterial blood pressure fell below 75 mm Hg, 
the maximal fall occurring when the pressure fell below 30 mm Hg. 5k was 
not measurable when the arterial pressure was 15mm Hg. In all similar 
experiments the equilibrium levels were not affected by ganglion blocking, 
but the transient falls in blood flow, which, in the unblocked animal, occurred 
with each blood-pressure decrement, were less apparent. In three of the five 
experiments, indeed, they were completely absent. In the other two experi- 
ments they were small. 

Reversibility of the blood-pressure response. Fig. 9A shows the result of an 
experiment on a rabbit in which the blood pressure was lowered in stages to 
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10 mm Hg. It will be seen that with the blood pressure at 30 mm Hg, 5k 
was about 25% lower than when the blood pressure was 65 mm Hg. When 
the blood pressure was lowered to 18 mm Hg, blood flow declined to zero. 
In this experiment blood pressure was successfully maintained at levels below 
18 mm Hg for about 8 min. The blood which had passed into the compen- 
sator was then returned to the animal and blood pressure was restored to 
55 mm Hg. Cerebral blood flow recovered to its initial resting level. 

Similar results were obtained on two other occasions. In most experiments, 
however, keeping the blood pressure below 20 mm Hg for more than 2 or 
3 min caused the death of the animal. A potent cause of death was respira- 
tory failure, and all the successful experiments involved the use of artificial 
respiration (by means of a standard pump and tracheal cannula). Even so, 
many animals died after a very short exposure to these extremely low 
blood pressures. 

Fig. 9B shows the results of an experiment in which the blood pressure 
was lowered rapidly from 75 to 15 mm Hg. Blood flow also fell rapidly to 
levels just above zero. In this experiment it was possible to restore the blood 
pressure slowly. It will be seen that, during this recovery phase, when the 
blood pressure was 25 mm Hg, blood flow had recovered to 50% of its initial 
value; with the blood pressure at 35 mm Hg, blood flow recovery was almost 
complete. 

Changes in cerebral vascular resistance during imposed low blood pressure. In 
three experiments jugular venous pressure was measured by inserting a wide- 
bore hypodermic needle into an external jugular vein and connecting it to a 
saline manometer. Fig. 10 shows the result of a typical experiment in the 
rabbit in which systemic arterial blood pressure was lowered in stages from 
90 mm Hg to zero, It will be seen that venous pressure fell concomitantly. 
When the arterial pressure was 16 mm Hg, 5k was zero. Venous pressure at 
this stage was so low as to be almost unmeasurable. It is clear, however, that 
there was a positive perfusion pressure. This suggested that at low arterial 
blood pressures there was an active increase in cerebral vascular resistance. 
Accordingly, in three experiments cerebral resistance was calculated, on the 
basis of Ohm’s law, in arbitrary units, as ‘perfusion pressure’/‘flow’, i.e. 
systemic arterial pressure less external jugular venous pressure, divided by 8k. 

A typical result is shown in Fig. 11. It is clear that the terminal fall in 
cerebral blood flow, when blood pressure dropped below 20 mm Hg, was 
accompanied by a big increase in vascular resistance in the brain. Similar 
findings were obtained in each case. : 

The effect of venous cannulation on the brain blood-flow responses to lowering 


of the blood pressure. In three experiments on rabbits, where it was desired to 


record venous pressure, an end cannula was inserted into one of the main 
external jugular veins. It was thought at the time that venous anastomosis 
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Fig. 10. Graph of conductivity increment in the frontal lobe of the rabbit, jugular venous pressure 
and femoral arterial pressure against time; the systemic arterial pressure being lowered in 
stages to zero. 
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Fig. 11. Graph of conductivity increment in the frontal lobe of the rabbit, femoral arterial blood 
pressure and intracerebral vascular resistance against time. Vascular resistance plotted on 
arithmetical scale in arbitrary units as defined in text. When systemic arterial pressu'e 
reached 15 mm Hg, vascular resistance approached infinity, flow being zero. 
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in the neck was so free that this procedure could scarcely interfere with the 
venous drainage, but would afford a more reliable and rapid means of 
measuring venous pressure than was possible with a hypodermic needle. 

The results of all three experiments were similar. Venous pressure changes 
were similar to those shown already in Fig. 10. Blood-flow responses, how- 
ever, were profoundly modified. A typical result is shown in Fig. 12. Lowering 
the arterial pressure from 90 to 80 mm Hg produced an immediate drop in blood 
flow. Cerebral blood flow decreased with each fall in arterial blood pressure, 
nor was there any subsequent recovery. In these experiments the equilibrium 
levels of blood flow were linked with the level of arterial blood pressure. 
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Fig. 12. Effect of venous cannulation upon cerebral blood-flow response to lowered systemic 
arterial blood pressure. Graph of conductivity increment in the frontal lobe against femoral 
arterial pressure in a rabbit. with an end cannula in one external jugular vein. 


DISCUSSION 


Distribution of cerebral blood vessels. A feature of the present investigation 
was the wide variation in conductivity increment (5k) in different parts of 
the frontal lobe, which could be easily detected simply by altering the posi- 
tion of the recorder. The significance of this variation is hard to determine, 
since with a recorder in a fixed position, even though the resting value of 54 
was high, little further change occurred without specific stimulus. The method 
of implantation used so far has not permitted precise location of the recorder; 
it might have been in either the white or the grey matter, which may to some 
extent account for the wide variation in results. 

[t is clear that no attempt can be made to evaluate the present figures in 
terms of total blood flow in the brain. It is, however, interesting to note that 
in any one cerebrum, areas exist in which the 5k value is of the order of 
20 x 10-4, In the liver this would correspond to a blood flow of about 
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150 ml./100 ml. of tissue/min. On the other hand, there are areas in which 
the 8k value is only 2 x 10-*, which in the liver would correspond to a blood flow 
value of only 15 ml./100 ml./min. There is a clear need for a fuller investiga- 
tion of the distribution of blood vessels, preferably using animals with bigger 
brains than the rabbit, and using better methods to allow precise localization 
of the recorder. Despite this weakness in the technique employed in this 
investigation it has been possible to obtain consistent patterns of response. 
Control of cerebral blood flow. In recent years, opinion concerning the con- 
trol of the cerebral circulation has undergone considerable change. The 


~ Monro-Kellie doctrine was that since the skull was rigid and its contents 


allegedly incompressible, vasodilator or vasoconstrictor mechanisms were in 
consequence impossible. The only effective controller of cerebral blood flow 
remaining was, therefore, the mean systemic arterial blood pressure (Kellie, 
1824). 

To-day this view is no longer fully tenable, for many workers have demon- 
strated beyond doubt that vasomotor mechanisms exist in the brain. The 
mass of work, far too extensive for review here, is such that there can be 
little doubt that both sympathetic and para-sympathetic nerves exert their 
characteristic effects just as much on the brain blood vessels as on blood 
vessels elsewhere in the body. The present work supports this view in so far 
as it provides evidence that rapid increments in blood pressure produce vaso- 
dilatation through cholinergic mediators, acute drops in blood pressure pro- 
duce vasoconstriction, probably through adrenergic mediators. 

Nevertheless, in the literature, there is considerable confusion as to the 
effects of sympathetic nerve section. Thus some workers have shown that 
cervical sympathectomy produces an increase in cerebral blood flow (Forbes 
& Wolff, 1928). Others, such as Ludwigs & Schneider (1954), using a heated 
thermocouple, showed that no change in cerebral blood flow followed section 
of the cervical sympathetic. In the present experiments the effect of cervical 
sympathectomy was not investigated. However, ganglion blockage was found 
to have no lasting effect on the level of blood flow in the brain. Larger doses 
of blocking agent might have had some effect. Possibly the techniques of 
measurement were inadequate to demonstrate small changes in flow, but it 
seems most reasonable to regard the present experiments as supporting the 
conclusions of Ludwigs & Schneider (1954). 

It may be that blood vessels in the deep substance of the cerebrum behave 
differently in this respect from the pial blood vessels. Certainly our results 
support the view that nervous factors do not in themselves determine the 
level of resting intracerebral blood flow. 

The action of adrenaline on brain blood flow. Forbes & Wolf (1928) showed 
without doubt that adrenaline, applied locally, caused constriction of the 
pial vessels. But the effect of systemically administered adrenaline on brain 
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blood flow is more complex. In moderate doses, intravenous adrenaline was 
shown by Cushing (1902) and Wiggers (1914) to diminish blood flow in the 
brain. In the spinal cord, too, Field, Grayson & Rogers (1951) obtained 
evidence of vasoconstriction in response to single intravenous injections of 
adrenaline. In bigger doses, however, the effect of adrenaline is more variable. 
Thus Wiggers (1914) and Schmidt (1934) showed in perfusion experiments 
that if the blood pressure rose appreciably, the cerebral blood flow also rose, 
owing partly to intracerebral vasodilatation. 

In the present experiments, too, the extent of the blood-pressure response 
was found to be important. In all species tested a continuous infusion of 
adrenaline in pressor doses produced an initial rise in blood flow, followed 
after 3 or 4 min by a slow return to resting levels. The initial rise was not 
seen in experiments where the blood pressure was prevented from rising, and 
the results of intracarotid infusion leave little doubt that the direct action 
of adrenaline on vessels of the frontal lobe is vasoconstrictor. 

However, the present experiments suggest that the blood-flow rise occur- 
ring at the beginning of an infusion is not a simple mechanical effect. of the 
raised blood pressure, as has usually been assumed in the past, since the 
administration of ganglion blocking agents modified the response, occasionally 
reversing it and in all other cases diminishing it. These results suggest that 
there is a reflex component in the blood-flow response to adrenaline. This is 
supported by the finding that atropine had a blocking action on the adrena- 
line dilator response comparable with that of the ganglion blocking agents. 

The available evidence thus suggests strongly that although adrenaline 
locally applied to the brain blood vessels causes vasoconstriction, intra- 
venously it produces a rise in cerebral blood flow dependent on the elevated 
blood pressure: this increases cerebral blood flow partly through the increased 
perfusion pressure and partly through cholinergically mediated intracerebral 
vasodilatation. 

Intrinsic regulation of cerebral blood flow. Many workers still regard arterial 
blood pressure as the main determinant of cerebral blood flow. Experiments 
in which carotid blood flow was measured during a fall in systemic blood 
pressure showed a decline proportionate to blood pressure (Ngai & Nelson, 
1954). Our own experiments on animals with equally extensive cannulation 
of neck blood vessels produced similar results. 

Nevertheless, our experiments on animals where the operation was limited 
to a small trephine hole in the skull produced a completely different picture. 
There was no longer a correlation between blood pressure and blood flow; 
blood flow was substantially unaltered even by relatively large changes in 
systemic blood pressure. These findings, in our opinion, can only be inter- 
preted as evidence of an additional regulatory mechanism in the brain, 
namely ‘intrinsic regulation’. 
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The phenomenon of ‘intrinsic regulation’ was first described with reference 
to the kidney by Shipley & Study (1951). They showed that over a wide 
range of blood-pressure variation, kidney blood flow remained constant, 
falling significantly only when the systemic blood pressure fell below a 
critical value. This power of the renal vasculature to compensate for changes 
in perfusion pressure was unaffected by nerve section or nerve block and was 
designated ‘autoregulation’. A similar phenomenon occurred in the liver 
(Ginsburg & Grayson, 1954), but the power of the liver to adapt its vascular 
resistance to changing perfusion pressure was destroyed by cannulating 
afferent or efferent vessels and was greatly reduced in the debilitated animal. 
There was, thus, evidence that factors outside the organ were also concerned 
and that the term ‘autoregulation’ was to some extent a misnomer. The 
term ‘intrinsic regulation’ is perhaps little better but was used because the 
regulation of blood flow is not strictly autonomous, although the focal point 
of this kind of blood-flow control is probably in the organ itself. 

The present experiments gave clear evidence that ‘intrinsic regulation’ 
also occurs in the brain. When the systemic blood pressure fell from 150 to 
60 mm Hg little change occurred in cerebral blood flow although, during this 
period, cerebral vascular resistance progressively declined. Below 60 mm Hg 
vascular resistance continued to diminish but blood flow began to fall slightly. 
The fall in flow only became considerable, however, when the blood pressure 
dropped below 30mm Hg. At pressures below 20 mm Hg it was usually 
impossible to detect any flow. In so far as there was still a positive perfusion 
pressure it must be concluded that below 20mm Hg vascular resistance 
suddenly increased, possibly due to spasm of the vessels. 

The general blood-flow reactions of the brain to changing blood pressure 
were thus similar to those of the kidney and of the liver. They were similar, 
too, in that ganglion blocking agents had no effect on those reactions. 
Although it is hard to assess the precise action of these agents under con- 
ditions of hypotension, the conclusion is reasonable that nervous mechanisms 
involving extracerebral ganglia are not concerned in ‘intrinsic regulation’. 

In other details the blood-flow reactions of the cerebrum to changing blood 
pressure differed from those of the liver. Thus, in the brain, far bigger falls 
in blood pressure occurred before there was any serious impairment of blood 
flow. Even with blood pressures as low as 30 mm Hg blood flow was dimi- 
nished by less than 50%. This point may prove of importance in relation to 
haemorrhage and shock reactions; it is of immediate interest in view of the 
use of induced hypotension in clinical practice. 

A further point of difference lies in the terminal spasm of the cerebral! 
vessels. This phenomenon might be explicable on the basis of critical closing 
pressure—the intravascular pressure below which any elastic vessel, by virtue 
of its physical structure, goes into spasm (Burton, 1952). In the liver, where 
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much of the blood arrives by way of the portal vein, there is no evidence of 
terminal spasm and blood flow persists even with blood pressures of less than 
10 mm Hg. 

A point of considerable importance in interpreting the results of other 
workers is that in our work cannulation of the jugular veins or other inter- 
ference with the blood supply of the brain frequently abolished ‘intrinsic 
regulation’, and blood flow subsequently varied directly with the systemic 
blood pressure, It was also often difficult to demonstrate ‘intrinsic regula- 
tion’ after periods of anoxia, or anaesthetic overdose. 

We have no evidence as to the nature of ‘intrinsic regulation’ of intra- 
cerebral blood flow. If the experiments of Forbes & Wolff (1928) concerning 
the dilatation of pial vessels in response to lowered blood pressure are to be 
regarded as ‘intrinsic regulation’, then their observation that local applica- 
tion of cocaine did not affect the response may go even further to eliminate 
a nervous mechanism. Rosomoff & Holaday (1954) suggested that a critical 
controlling factor in the cerebral circulation might be the arterio-venous O, 
difference, but whether this can be invoked in explanation of ‘intrinsic regu- 
lation’ remains to be seen. 


SUMMARY 


1. An improved photographic method is described for the investigation of 
blood flow by ‘internal calorimetry’. Thermal conductivity was shown to be 
a function of blood flow in the cerebrum. 

2. Blood-flow records from the frontal lobes of sheep, goats, cats and 
rabbits showed no spontaneous variations in the undisturbed, lightly anaes- 
thetized animal. 

3. Resting blood-flow levels were unaffected by ganglion blocking agents 
(tetraethylammonium chloride and hexamethonium bromide) or atropine. 

4. Intra-arterial adrenaline caused cerebral vasoconstriction. Intravenous 
adrenaline increased blood flow—partly through the mechanical effect of the 
raised blood pressure and partly through a reflex vasodilator mechanism 
which was substantially or wholly abolished by the administration of atropine. 

5. The evidence suggested that, in response to falling blood pressure, a 
fali occurred in intracerebral vascular resistance as a result of which blood 
flow in the frontal lobes was maintained relatively constant with blood pressure 
levels higher than about 40 mm Hg. When blood pressure dropped below 
40 mm Hg there was a decline in blood flow. When the blood pressure fell 
below 20 mm Hg results suggested a sudden increase in cerebral resistance 
as an effect of which flow subsided to zero despite a positive perfusion pressure. 

6. The preservation of relatively constant blood flow despite changing 
blood pressure (intrinsic regulation) is unaffected by ganglion blocking agents 
and is considered to be independent of external nervous control. 
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THE EFFECT OF UNILATERAL COMMON CAROTID 
OCCLUSION AND OF ACUTE UNILATERAL PRE- 
GANGLIONIC CERVICAL SYMPATHOTOMY ON 
THE ANIONS OF THE AQUEOUS HUMOUR 
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The demonstration (Linnér, 1952) that the relative differences in blood flow 
through the two eyes of the rabbit after unilateral ligation of the common 
carotid artery and after acute unilateral preganglionic cervical sympathotomy 
are paralleled by changes in the concentration of ascorbate in the aqueous 
humours implies that these operations have no effect on the rate of flow of 
aqueous humour. On the other hand, the work of Bardny (1947) and of 
Davson & Matchett (1951, 1953) indicated that carotid occlusion decreases, 
and acute sympathotomy increases, the rate of flow of aqueous humour. 

In an attempt to reconcile these divergent opinions, the concentration of 
lactate in the aqueous humour after carotid occlusion and after sympathotomy 
has been studied. This metabolite is present in higher concentration in the 
aqueous humour than in the plasma owing to its continuous formation by the 
lens and cornea (Fischer, 1931; Kinsey, 1950, 1953; Langham, 1952); a decrease 
in the rate of renewal of the aqueous humour might therefore be expected to 
cause an increase in the concentration of lactate and vice versa. The effect of 
carotid occlusion and of sympathotomy on the lactate of the aqueous humour 
when the concentration of ascorbate in the plasma was above the saturation 
level has also been investigated. 

The concentration of lactate in the anterior aqueous after carotid occlusion 
and after sympathotomy showed well-defined changes, the nature of which it 
was difficult to explain on the basis of changes in the rate of flow of aqueous. 
An alternative explanation supported by a study of the chloride and bicar- 
bonate of the anterior aqueous and the lactate of the posterior aqueous was 
founded on differences in the rate at which substances exchanged with the 
plasma across the iris capillary walls. These experiments led to an extension 
of Linnér’s original work on ascorbate. 


q 
e. 
| 
89, 
p- 
the 
ulla 
me- 
ery 
the 


32 J. W. RIDGE 
a 

METHODS I 
The rabbits used in this work were taken at random from adult stock and weighed for the most t 
part between 2-5 and 3:5 kg. They were fed on diet 18 pellets (Association London Flour Millers) 1 
supplemented with hay, and water ad lib. Albinos were used when aqueous samples from the F 
posterior chamber were required. Operative procedures were carried out some 20 hr before I 
the aqueous samples were taken. Pentobarbitone sodium (Nembutal, Abbott Laboratories, 
0-4 ml./kg) anaesthesia maintained with ethyl chloride was employed. 

Where necessary the saturation level of ascorbate in the plasma was exceeded for at least 6 hr t 
(i.e. long enough to yield steady state conditions in the eye) by a series of intraperitoneal injections ¥ 
of a 6% (w/v) solution of sodium ascorbate (pH 7-4). 

Lactate was estimated by the method of Barker & Summerson (1941). c 

Sendroy (1937) was followed in the estimation of chloride. 1 

The standard manometric technique of van Slyke was employed in the estimation of ‘total CO,’. t 

The pH of the aqueous was obtained by using a standard pH meter in conjunction with a small 
glass electrode assembly (Cambridge Instruments Ltd.). T 

Ascorbic acid was estimated by titration with 2:6-dichlorophenolindophenol (Mindlin & Butler, | 
1937). 

RESULTS | 
Lactate. The steady-state concentrations of lactate in the aqueous humour ete 
and plasma of normal rabbits were 7:38+0-34 m-equiv/kg H,O (10) and 
4-32 + 0-38 m-equiv/kg H,O respectively, giving a distribution ratio of 
1-79 + 0-13 (10). 
The effects of carotid occlusion and of sympathotomy on the lactate con- _ 
centration of the anterior aqueous are recorded in Table 1. Carotid occlusion (16 ¢ 
resulted in a statistically significant fall in the concentration of lactate in the Unila 
gang 
TaB_Ee 1, The effect of unilateral common carotid occlusion and of acute unilateral preganglionic nve 
cervical sympathotomy on the lactate concentration of the aqueous humour of the rabbit at 
normal and raised ascorbate levels. Also included are Linnér’s values for the ascorbate of the 
aqueous humour. LA =lactate; AA =ascorbate. The subscripts H and C refer to the homo- 
lateral and contralateral eye respectively. la 
Ascorbate 
(m-equiv/kg H,0) Right aqueous Right aqueous ac 
Left aqueous Left aqueous | 
Normal 7-36 + 0-22 (22) 0-99 + 0-008 (22) 1-004 0-004 (23) or 
Unilateral carotid 7-4640-28 (22) 6-60+40-25 (22)* 1-184.0-022 (22)* 0-834.0-01 (86)* 
occlusion 
Unilateral carotid occlu. 77540-3519) —1-084.0-016 (19) 1-0140-008(19 fg, 
sion and saturation with t 
sodium ascorbate 
Unilateral preganglionic  6-05+0-175 (22)* 6-8840-18(22) 0-8740-012 (22)* 1-114.0-01 (42)* 
cervical sympathotomy hu 
Unilateral preganglionic 7-17+0-20 (18) 7-28+0-22 (18) 0-909+0-012(18) 1-0140-01 (18) 
cervical sympathotomy 
and saturation with 
sodium ascorbate CO 
* Significantly different from the normal value (i.e. P < 0-05). tis 
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aqueous humour of the contralateral eye (P< 0-01). The homolateral eye was 
normal in this respect. After sympathotomy the concentration of lactate in 
the homolateral aqueous decreased (P<0-01), while the concentration of 
lactate in the contralateral aqueous was unaltered (0-1 <P<0-2). Mock 
operations caused no changes in the concentration of lactate in the aqueous 
humour. 

Linnér (1952) found that the difference in concentrations of ascorbate in the 
two eyes, caused by carotid occlusion or sympathotomy, vanished if the animal 
was saturated with ascorbic acid. The effects of this treatment on the con- 
centrations of lactate in the two eyes of operated animals are also shown in 
Table 1; it will be seen that, as with ascorbic acid, the difference between the 
two eyes disappeared. 


TasLe 2. The effect of unilateral carotid occlusion and of unilateral preganglionic cervical 
sympathotomy on the concentration of lactate in the aqueous humour of the anterior and 


posterior chambers 
Anterior aqueous Posterior aqueous 
(m-equiv/kg H,0) (m-equiv/kg H,0) 
Normal (13) expte. 9-68 + 0-36 8-77 40-30 
Homolateral 
side side 


Homolateral Contra- Contra- Homolateral Contra- Contra- 
side lateral side lateral side side lateral side lateral side 
Unilateral carotid 9424048 8594046 1104002 9014054 8831054 1-0240-03 


occlusion 
L (16 expts.) 
| Unilateral pre- 8-264033 9474041 0884002 8244037 8624041 0-96+0-02 
ganglionic cervical 
(14 expts.) 


In Table 2 the effects of the operative procedures on the concentrations of 


| lactate in the aqueous humour taken from both the anterior and posterior 

952) chambers of the eye are shown; the results indicate that it was essentially the 

- aqueous humour in the anterior chamber that was affected by carotid occlusion 

23) or sympathotomy. 

Alc 

'86)* The values for the concentration of lactate in the aqueous humour reported in Table 2 are 

) considerably higher than those reported in Table 1. The principal reason for this is probably that 

(19) the animals used to obtain the values in Table 2 were not fully grown and weighed only about 

1:7 kg. Since the lens of the young animal is more actively glycolytic than that of the adult 

42)" (Bellows, 1944, p. 218) a higher concentration of lactate might be expected in the aqueous 


humour of the young animal. 


_ Neither carotid occlusion nor sympathotomy had any effect on the lactate 
) concentration in the lens which was found to be 12-41 + 0-74 m-equiv/kg wet 
| tissue. 
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Chloride. The normal concentration of chloride in the aqueous humour was 
found .to be 109 + 1 m-equiv/kg H,0; neither carotid occlusion nor sympath- 
otomy had any effect on the concentration in either eye. 

Bicarbonate. The proportion of the ‘total CO,’ in the aqueous humour 
present as bicarbonate depends on the pH of the fluid and the first dissociation 
constant of carbonic acid. The latter may be assumed to be unaffected by the 
operations; the former was shown to be unchanged, a value of 7-68 being 
recorded. In these circumstances the ratio of the ‘total CO,’ in the fluids may 
be taken as the ratio of the concentrations of bicarbonate. The results of the 
operative procedures on normal and ascorbic acid saturated animals are shown 
in Table 3. Carotid occlusion produces a definite difference between the two 


TaBLe 3. The effect of unilateral carotid occlusion and of acute unilateral preganglionic cervical 
sympathotomy at normal and raised plasma ascorbate levels on the total CO, of the aqueous 


humour of the rabbit Total CO . 
(m-mole/kg H,0) 
Normal 32-340-8 (10) 1-00-4.0-61 (10) 
Homolateral Contralateral _Homolateral eye 
eye eye Contralateral eye 
Unilateral carotid occlusion 34-3+40-9 (14) 31-0+0-7 (15) 1-07 + 0-02 (12) 
Unilateral carotid occlusion and 29-5 + 1-1 (14) 27-6+0-9 (17) 1-06 + 0-03 (14) 
saturation with sodium ascorbate 
Unilateral preganglionic cervical 32-3+ 1-0 (13) 33-5 + 0-9 (13) 0-96 + 0-01 (13) 
sympathotomy 
Unilateral preganglionic cervical 28-7 + 1-4 (12) 30-7 + 1-3 (12) 0-944 0-01 (12) 


sympathotomy and saturation with 
sodium ascorbate 


eyes, the concentration being higher on the side of occlusion; sympathotomy 
has the reverse effect. Saturation of the animal with ascorbate is without 
influence. Although these experiments establish the existence of a difference 
in concentration between the two eyes it is not possible to state with any 
certainty whether the change is in the homolateral or the contralateral eye. 

Ascorbate. The concentration of ascorbate in the aqueous humour of the 
rabbit is a very variable quantity. For this reason absolute concentrations 
have been avoided wherever possible in this section. In the normal rabbit 
there is the same concentration of ascorbate in the anterior aqueous of the two 
eyes (Linnér, 1952; Langham, 1955). This result has been confirmed incidentally 
in the course of the present work; it was also shown that this identity applied 
also to the posterior aqueous. The mean ratio between the eyes was 
0-99 + 0-05 (15). 

The results of carotid occlusion and of sympathotomy on the ascorbate 
concentration of the fluids of the posterior and anterior chambers are presented 
in Table 4. It is seen that the ratio of the concentrations in the posterior 
chamber fluids was the same as that in the anterior chamber fluids. 
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In the second group of experiments in this section an examination of the 
concentration of ascorbate of the anterior and posterior chamber fluids at 
normal and elevated plasma levels was made. Kinsey (1953) reported the 
ratio of the concentration of ascorbate in the anterior aqueous to that in the 
posterior a8 0-75 with a range from 0-53 to 1-17. The present author found the ratio 
to be 0-82 + 0-03 (20) derived from a value of 1-30 + 0-10 m-equiv/kg H,O (20) 
in the anterior aqueous and 1:58 + 0-10 m-equiv/kg H,O (20) in the posterior 
aqueous. 

Tasie4. The effect of unilateral carotid occlusion and unilateral preganglionic cervical sympath- 
otomy on the concentration of ascorbate of the aqueous humour in the anterior and posterior 


chambers of the rabbit eye. (AA —ascorbate, the suffixes H and C refer to the homolateral 
and contralateral eyes respectively) 


Posterior aqueous—anterior 
aqueous 
(m-equiv/kg H,0) 
# Anterior Posterior ‘Homolateral Contralateral 
aqueous aqueous side side 
carotid 0-82+0-02 (14) 0-8340-04(13) 0-3640-06(13) 0-50+40-09 (13) 


preganglionic 1-12+0-02(13) 1-1540-02(13) 0-6940-08(13) 0-574.0-09 (13) 
cervical sympathotomy 

After a 6 hr period of saturation with sodium ascorbate the ratio rose to 
0:95 + 0-02 (16). The absolute values were 3-36 + 0-19 m-equiv/kg H,O (16) for 
the anterior aqueous and 3-52 +0-19 m-equiv/kg H,O (16) for the posterior 
aqueous. The increase in the ratio after saturation is largely a reflexion of the 
higher absolute values from which it is derived. More significance is to be 
attached to the observation that the loss of ascorbate from the anterior chamber 
by diffusion was slightly greater in the normal animal than in the saturated 
animal. 

DISCUSSION 

The concentration of lactate in the aqueous humour is determined by four main 
factors: 

(i) Influx in the primary secretion from the ciliary body, presumably in 
a concentration comparable with that in the plasma. 

(ii) Liberation from the metabolizing tissues, in particular the lens. 

(iii) Outflow in bulk from the anterior chamber through the canal of 
Schlemm. 

(iv) Diffusion, principally from the anterior chamber into the vessels of the 
iris. 

An important consideration in deciding which of these factors is involved in 
the lactate changes is the finding that such changes are confined to the anterior 
chamber fluid, the concentration of lactate in the posterior aqueous remaining 
at the normal level (Table 2). If exactly compensating changes be rejected, it 


eliminates factor (i), casts rong doubts on the implication of factor (iii) (since 
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any changes in the rate of flow of aqueous humour might be expected to be 
discernible in the posterior chamber) and suggests that there are no changes in 
the rate of lactate production by the tissues adjacent to the posterior chamber. 
The results are, however, consistent with the view that carotid occlusion and 
sympathotomy increase the ease with which lactate diffuses into the vessels of 
the iris, carotid occlusion exerting its effect on the contralateral eye and 
sympathotomy on the homolateral eye. 

The same explanation may be applied to the effects on the steady-state 
distributions of the other anions studied. Thus bicarbonate is present in higher 
concentration in the aqueous than in the plasma (Kinsey, 1953; Lee, 1955); an 
increased facility for diffusion across the iris capillary walls should therefore 
result in a lowered concentration at steady-state so that carotid occlusion may 
be expected to cause the ratio Concentration on occluded side/Concentration 
on non-occluded side to become greater than unity. This has been found. The 
concentration of chloride in the aqueous humour of the rabbit is normally 
rather less than that in the plasma (Davson, Matchett & Roberts, 1952), the 
difference is so small, however, that we should not expect any significant change 
in the steady-state level on altering the facility for diffusion out of the anterior 
chamber, and this, too, has been found. In the case of ascorbate, which is 
secreted across the blood-aqueous barrier, the effects of the increased facility 
of diffusion are masked by the difference in concentrations of ascorbate in the 
aqueous humours imposed by the unequal blood supply to the two eyes 
(Linnér, 1952). However, reference to Table 4 will show that the difference 
between the concentration of ascorbate in the posterior chamber fluid and that 
in the anterior chamber fluid (i.e. that amount which may be considered as 
having diffused out of the anterior chamber) is greater in the contralateral eye 
after carotid occlusion and in the homolateral after sympathotomy. Thus 
a single hypothesis will suffice to explain the changes found at normal plasma 
ascorbate levels. 

The underlying reason for the difference between the eyes with respect to the 
ease with which the anions diffuse into the iris vessels is probably to be found 
in vascular changes consequent upon carotid occlusion and sympathotomy. 
It is generally accepted that unilateral carotid ligation in the rabbit gives rise 
to differences between the eyes in both blood flow and pressure. Similar 
interocular differences may be expected to follow unilateral preganglionic 
sympathotomy since the sympathetic innervation of the eye is wholly vaso- 
constrictive (Duke-Elder, 1932). It is therefore suggested that the improved 
conditions of exchange between the anterior aqueous and the plasma are to be 
associated with the comparative hyperaemia of the iris of the affected eye. It 
is not possible to say whether the effect is due primarily to differences in 
blood pressure or in the rate of blood flow, since both may be expected to be 
present in hyperaemia. 
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_ carotid ligation and after sympathetic section has shown that the posterior 
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Direct measurements have been made of the rate of penetration of sub- 
stances into the aqueous humour after carotid occlusion (Davson & Matchett, 
1951, 1953). The results were not consistent with the hypothesis that 
‘penetration from the iris consisted of a flow, i.e. an ultrafiltration’, but the 
movement of solutes across a membrane can occur independently of the 
movement of water. Thus, although the iris may be of little importance for the 
transfer of fluid it could, nevertheless, be important in the diffusional exchange 
of solutes between the anterior aqueous and the blood. Kinsey’s observations 
(1953) on the composition and osmotic pressure of the posterior and anterior 
chamber fluids lend support to this point of view. 

The fact that saturating the animal with ascorbate abolishes the effects of 
the operative procedures so far as the differences in lactate and ascorbate are 
concerned, but leaves them unchanged so far as the bicarbonate changes are 
concerned, is not easy to explain. Ascorbic acid apparently plays an important 
part in the economy of the extracellular components of the capillary wall 
(Reid, 1943; Reppert, Donegan & Hines, 1951) which dominate the perme- 
ability characteristics of the capillary endothelium (Chambers & Zweifach, 
1947). It is possible then that saturation with ascorbic acid maintains the 
capillary permeability at a minimal value (cf. Krogh, 1929, p. 315). This could 
explain the lactate results. In the case of ascorbate the disappearance of the 
effects of the operative procedures after saturation is probably partly due to 
the saturation of the transfer mechanism and partly to a reduced permeability 
of the capillary wall to ascorbate. The latter effect is demonstrated by the 
finding that the difference between the concentrations of ascorbate in the 
posterior and anterior chamber fluids is less after saturation (in the otherwise 
normal animal) than at normal plasma ascorbate levels, in spite of a steeper 
concentration gradient from aqueous to plasma in the saturated animal. 
However, such a hypothesis leaves the behaviour of the bicarbonate ion 
unexplained unless one postulates that bicarbonate uses a predominantly 
intracellular route in its passage across the capillary wall. 

Finally, what remains to be said of Linnér’s proposal to use ascorbic acid as 
a test substance to measure relative changes in the rate of blood flow through 
the ciliary processes? First, there can be little doubt that Linnér’s arguments 
apply strictly only to the posterior aqueous. His use of them in connexion 
with the anterior aqueous involves the assumption that the ascorbate con- 
centration of the posterior aqueous is in no way modified during its sojourn in 
the anterior chamber, an assumption it would be difficult to sustain. However, 
an examination of the ascorbate concentration of the posterior aqueous after 


chambers yield the same ratio as the anterior chambers. This identity is 
probably fortuitous but in any case highly convenient, for the anterior 
aqueous is more readily accessible and abundant than the posterior aqueous. 
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Secondly, Linnér’s treatment of the problem and its subsequent re-examina- 
tion from a slightly different point of view by Langham (1955) have turned 
largely on the question of whether or not there are post-operative changes in 
the rate of flow of aqueous. The question remains unanswered in so far as the 
crucial experiment has not yet been performed, but the evidence presented in 
this work, albeit circumstantial, speaks in favour of there being no change in 
the aqueous flow rate after carotid ligation or sympathotomy. 


SUMMARY 


1. The effect of unilateral common carotid occlusion and of acute unilateral 
preganglionic cervical sympathotomy on the principal anions of the aqueous 
humour of the rabbit have been studied with a view to examining further the 
proposal (Linnér, 1952) to use ascorbic acid as a test substance to measure 
relative differences in the rate of blood flow through the ciliary processes. 

2. There was a relative increase in the lactate and bicarbonate of the anterior — 
aqueous of the homolateral eye after carotid occlusion and of the anterior — 
aqueous of the contralateral eye after sympathotomy. The operations were 
without effect on the concentration of chloride in the aqueous. 

3. The concentration of lactate in the lens was unaltered. 

4. The concentration of lactate in the aqueous humour of the posterior 
chamber was not affected by the operations. 

5. Post-operative saturation with sodium ascorbate eliminated the changes 
in lactate concentration but had no effect on the bicarbonate changes. 

6. The relative changes in the concentration of ascorbate in the posterior 
aqueous after carotid occlusion and after sympathotomy were found to be 
numerically equal to those found by Linnér (1952) in the ascorbate concentra- 
tion of the anterior aqueous. | 

7. Saturation with sodium ascorbate was shown to decrease the permeability 
of the iris capillaries to the ascorbate ion. 

8. The conclusions drawn were: 

(i) That it was unlikely that carotid occlusion or sympathotomy had any 
marked effect on the rate of flow of aqueous humour. 

(i) That one of the effects of carotid occlusion and of sympathotomy is an 
interocular difference in the conditions governing the exchange of substances 
between the anterior aqueous and the plasma. 

(ui) That, when the concentration of ascorbate in the plasma is constant, 
a relative change in the concentrations of ascorbate in the aqueous humours is 
indicative of a similar change in the rate of blood flow through the ciliary 
processes, 


I wish to acknowledge the interest and advice of Sir Stewart Duke-Elder in the course of this 
work and of Dr H. Davson in the preparation of the paper. 
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THE INHIBITORY EFFECT OF STIMULATION OF A 
THALAMIC NUCLEUS ON NEURONAL ACTIVITY 
IN THE MOTOR CORTEX | 


By CHOH-LUH LI 
From the National Institute of Neurological Diseases and Blindness, 
National Institutes of Health, Bethesda, Maryland, U.S.A. 


(Received 2 February 1956) 


It is well known that the motor cortex receives thalamic projections from the 
nucleus ventralis lateralis (Polyak, 1932; Walker, 1936, 1938). This nucleus in 
turn derives its most important afferent supply from the rostral end of the 
parvocellular portion of the red nucleus (von Monakow, 1895), and more 
directly from the cerebellum by crossed fibres in the brachium conjunctivum 
(Crouch & Thompson, 1938; Walker, 1938). A postulated cortico-ponto- 
cerebello-dentato-rubro-thalamo-cortical circuit has been emphasized in 
relation to motor function (Bucy, 1944). 

The present study presents a series of experiments in which the effect of the 
discharge from the nucleus ventralis lateralis (VL) upon the activity of the 
motor cortical neurones was investigated, revealing that the neuronal activity 
can be inhibited by an afferent volley from this thalamic nucleus. 


MATERIAL AND METHOD 


Fourteen adult cats were used. They were all initially anaesthetized with intraperitoneal pento- 
barbitone sodium. The anaesthesia was maintained by intermittent injection of chloralose-urethane 
mixture into the femoral veins. The animal was placed in a stereotaxic instrument and the calvarium 
opened. 

In all experiments stimulation was applied to the nucleus ventralis lateralis (VL) of the thalamus 
and to the surface of the precruciate cortex. The stimulating electrodes inserted in VL were made 
of two stainless steel needles, insulated with Tygon varnish except at the tips which were 0-5—-1-0 mm 
apart. The precruciate cortex was stimulated through two silver balls resting on the cortical 
surface 1 mm apart. The thalamus and the cortical surface were stimulated with a single monophasic 
pulse of 0-1-2-0 V and 0-1-0-8 msec duration. When twin shocks were applied, the intervals 
between the thalamic stimulation and cortical stimulation varied from 0 to 1000 msec. 

The recording system was similar to that previously described (Li, 19556, 1956). In this series 
of experiments, however, measurement of the membrane resting potentials was not attempted. 
The glass pipette microelectrode was inserted into the precruciate gyrus between the two stimu- 
lating electrodes. Simultaneous recording of the surface electrical activity was carried out with 


“ae 
+4 
4 
4 
4 
. 


Be? 


SE 


INHIBITION OF CORTICAL NEURONAL ACTIVITY 41 


an Ag-AgCl electrode about 2mm from the site of penetration of the microelectrode. The indifferent 
electrode was placed at a distant point which had been earthed. 

The responses to stimulation of the precruciate cortex and VL were photographed on a cathode- 
ray tube face. As a rule, at least five responses to each given stimulation were recorded. When 
twin shocks to the cortex and VL were given, another five control records for the individual 
responses were obtained before the change of interval between the two shocks. All the records 
were enlarged and projected for measurement of the size and time-course of the responses. 


Fig. 1. Cortical surface responses to stimulation of nucleus ventralis lateralis. (A) Simultaneous 
recording from the cortical surface (first line of each record) and various depths (second line 
of each record), as indicated in mm at the left lower corner of each record. The depth measure- 
ments were obtained from the micrometer of the micromanipulator and did not represent the 
true depths of the cortex. Time marks 1 msec. (B) Superimposed records of the surface 
responses. Note the relatively prolonged surface-negative potential as compared to A, and the 
constant size of the responses. Time marks 1 msec; vertical bar represents 0-5 mV. In this 
and subsequent figures negativity is upwards. 


RESULTS 
Responses to stimulation of ventralis lateralis 
A single electrical stimulation to VL evoked a surface-positive and a surface- 
negative potential, followed by a prolonged positivity recorded from the 
surface of the precruciate cortex, as shown in Fig. 1. The initial surface-positive 
potential began 1-5 msec after the stimulus artifact and lasted for approxi- 
mately 3 msec. On its developing phase were superimposed, in most cases, one 
or two small deflexions similar to those seen in the primary responses to stimu- 
lation of the sensory relay nucleus of the thalamus (Li, Cullen & Jasper, 1956). 
_ The duration of the subsequent surface-negative potential varied consider- 
ably, not only from experiment to experiment, but also from time to time in 
the same experiment. This was probably related to the anaesthesia and the 
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condition of the cortex. However, when the animal was deeply anaesthetized 
and the pial vessels normal in colour, the size of the surface-negative potential 
would become fairly constant, as shown by the superimposed tracings in Fig. 1 B. 

When the slow potential responses were recorded from the depth of the 
cortex, the phase relations underwent a progressive change (Fig. 1A). In all 
experiments as the penetrating electrode reached a depth of about 0-2-0-4 mm, 
the surface-positive potential would disappear, and the response consisted of 
essentially a deep-negative potential which occurred 1-2 msec after the stimulus 
artifact and persisted for 10-15 msec. The depth at which the change of phase 
relations of the responses took place could not be accurately determined, 
because the precruciate cortex was not readily accessible to the penetrating 
electrode held by the micromanipulator, and in no experiments was it certain 
that the electrode had entered the cortex in a perpendicular plane. In any 
case, as the penetrating electrode was further advanced to a depth of about 
1-0 mm, the deep response would become a mirror image of the surface response. 
The initial deep-negative potential recorded from a depth exceeding 1 mm was 
‘ always smaller than that recorded from the upper layers (Fig. 1 A). This seems 
to indicate that the ‘sink’ of flow of current created by the arrival of VL 
volleys is largely located at a depth between 0-2 and 1-0 mm, and suggests 
that the fibres from VL terminate at this depth, presumably superficial to the 
layer of large pyramidal cells which is located approximately 1 mm below the 
cortical surface (Chang, 1955). 

Below the surface, unit spike discharges in response to VL stimulation were 
recorded. The spikes observed were predominantly negative and presumably 
represented action potentials of cortical units detected extra-cellularly with 
the microelectrode (Li, 19555). The occurrence of spike responses depended on 
the strength of the stimulus. When this was adequate spike discharges occurred 
riding on the developing limb of the deep-negative potential, as shown in 
Fig. 2. 

Unitary discharges also seemed related to the amplitude of the deep- 
negative potential. Thus, when the deep-negative potential reached an ampli- 
tude between 1-0 and 1-1 mV (Fig. 2F, G), spike discharges occasionally 
occurred, while those larger than 1-2 mV in amplitude were always accompanied 
by spike discharges (Fig. 2H). It should be noted that spike discharges did 
not, in any instance, obliterate the deep-negative potential as has been 
described in the case of synaptic potentials recorded from spinal motor neurones 
in response to orthodromic volleys (Eccles, 1946, 1953). 

As the stimulus strength was increased, the latency of spike responses 
shortened, Superimposed tracings of the responses show that there was a great 
tendency for the spike discharges to be concentrated within certain intervals. 
although random spikes were also found (Fig. 3). The latencies of 253 spike 
responses plotted against the strength of stimulus reveal that the concentration 
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of spikes took place 5-25, 4-0, 3-0 and 2-3 msec after the beginning of the 
stimulus artifact (Fig. 4). It is probable that many synaptic stations were 
present between the thalamus and the cortex; and a spread of current as a 


result of the gradual increase in stimulation strength would initially stimulate 
those farther away from the point of stimulation. 


Fig. 2. Deep-negative potentials and spike discharges in response to stimulation of nucleus ventralis 
lateralis. Stimulation was applied every 2 sec with single pulses lasting 0-8 msec. Stimulus 
strength increased from 0-1 to 2-0 'V between A and J. Recording from a depth of about 0-6 mm 
below the cortical surface. Time marks 2 msec; vertical bar represents 1 mV. 


When a cortical unit was discharging ‘spontaneously’ in prolonged trains, 
a single VL volley would invariably arrest the discharge of the unit (Fig. 5), 
sometimes for as long as 400 msec, after which the discharge of the unit 
recurred. The temporary arrest of unit discharges seems to be a common 
occurrence in response to synaptic volleys since it has been observed in the 
visual cortex (Baumgarten & Jung, 1952; Tasaki, Polley & Orrego, 1954) and 


Somatosensory cortex (Li et al. 1956). 


Responses to direct stimulation of the precrucvate cortex 
A single shock to the precruciate cortex evoked a surface-negative response 
recorded decrementally within 3-4 mm over the cortical surface from the 
point of stimulation (Fig. 6A). After a strong stimulus this was usually 
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Fig. 4. A plot of latencies of 253 spike responses to stimulation of nucleus ventralis 
lateralis against the strength of stimulation in arbitrary units. 
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| Fig. 3. Superimposed tracings of thirty-six responses. | 
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followed by a prolonged surface-positive potential (Adrian, 1936; Rosenblueth 
& Cannon, 1941; Burns, 1950, 1951). In about one-fourth of the experiments 
the surface-positive potential in response to strong stimulation would terminate 
in a late surface-negative potential, as shown in Fig. 6B. When the strength of 


Fig. 5. Temporary arrest of ‘spontaneous’ spike activity by stimulation of nucleus ventralis 
lateralis. Note that the arrest is apparent following ventralis lateralis stimulation (VL) but 
not cortical (C) stimulation. The first line of the record was obtained from the cortical surface 
and the second line from a depth of 0-2 mm. Time marks 10 msec; vertical bar represents 
1 mV. 


Fig. 6. Cortical surface responses to direct stimulation of the cortex. (A) Stimulation every 1-5 sec 
with a pulse lasting 0-2 msec and strength increasing from 0-5 to 2-0 V. (B) Stimulation every 
1/5 sec with @ pulse lasting 0-2 msec and strength increasing from 0-5 to 2-0 V. Time marks 
5 msec; vertical bars represent 0-5 mV. Note the variability of the responses in these two 
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the stimulus was further increased, the late surface-negative potential grew 
to a considerable size and obliterated the surface-positive potential; thus, the 
response came to consist of an initially brief surface-negative potential and 
a subsequent prolonged negative wave. This is identical to the first and second 
components described by Chang in his study of dendritic potentials of cortical 
neurones (1951). The variability of these responses, which cannot be satisfac- 
torily explained, is similar to that subsequent to local application of strychnine 
(Li, 1955a). 


Fig. 7. The effect of single shocks to cortical surface upon unit spike discharges. (A) Weak 
stimulation (8) at @ frequency increasing from 1 to 3 every sec. Recording from a depth of 
about 0-45 mm. (B) Strong stimulation every sec. Recording from a depth of about 0-5 mm. 
Time marks 200 msec in A and 1 msec in B; vertical bars represent 1 mV. 


In most instances the phase relations of the direct cortical response did not 
change on recording throughout the entire thickness of the cortex. However, 
when a weak stimulus was used, a reversal of polarity was detected by a deep 
electrode, merely suggesting that the ‘sink’ of flow of current was located in 
the surface and superficial layers of the cortex. 

When there were ‘spontaneous’ discharges of cortical units, a single weak 
stimulus directly applied to the cortical surface might not alter the rate of the 
discharge. If the frequency of the stimulation was increased, weak stimuli 
invariably increased the rate of discharge of the unit (Fig. 7A). A strong 
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stimulus would drive the spike discharges with a latency of less than 1 msec, 
as shown in Fig. 7B. In the experiment thus illustrated, the tip of the micro- 
electrode was located approximately 0-5 mm below the cortical surface, and 
the shortest latency of the spike discharges measured 0-5 msec. If activation 
of the unit was due to dendritic conduction, and not to a spread of the stimu- 


lating current, the conduction velocity of the apical dendrite would have been 
1 m/sec. 


Fig. 8. Responses to direct cortical stimulation. Recording from a depth of 1-2 mm and stimu- 
lating every 2 sec with a pulse lasting 0-2 msec. Strength increasing from 0-1 to 2-0 V. Time 
marks 1 msec; vertical bar represents 0-5 mV. 


In the experiments in which a brief negative potential and a prolonged 
hegative wave (first and second component of Chang, 1951) were evoked by a 
strong stimulus, unit spike discharges occurred only on the initial negative 
potential and not with the subsequent negative wave, as shown in Fig. 8. 
my is similar to observations previously reported on the effect of strychnine 

i, 19554). 


Interaction of ventralis lateralis and cortical stimulation 
Although cortical units could be caused to discharge by stimulation either 
of VL or of the cortical surface, it was found that many units had different 
thresholds in response to the VL and cortical volleys as judged by the size of 
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the simultaneous surface responses recorded with the gross electrode. Thus, 
a unit which was activated by a threshold stimulus applied to the cortex would 
not respond to a threshold stimulus applied to VL. Conversely, a unit which 
readily responded to stimulation of VL might not respond to stimulation of the 
cortex unless a stimulus of supramaximal strength was used. 


Fig. 9 Fig. 10 


Fig. 9. Decrease in number of spike discharges in response to cortical stimulation following a VL 
stimulus at various intervals. Note that the unit was activated by stimulation of VL and of 
cortex. (A) Control record obtained from stimulation of the cortex alone. (B) and (C) are 
responses to twin shocks at intervals of 35 msec and. 10 msec. Recording from a depth of 
0-8 mm. Time marks 10 msec; vertical bar represents 1 mV. 

Fig. 10. Arrest of spike discharges in response to cortical stimulation following a VL stimulus at 
various intervals. The records in (B) were obtained from stimulation of the cortex alone before 
a change in interval between the two shocks in (A). Time marks 8 x 5 msec; vertical bar 
represents | mV. 


_ When spike discharges in response to cortical stimulation were recorded, a 
preceding volley initiated from VL would depress (Fig. 9) or abolish (Fig. 10) 
the discharge of the unit. The depressive effect of the preceding VL volleys on 
spike responses to cortical stimuli lasted for 40-80 msec. 

The occurrence of spike responses to cortical stimulation was also found to 
be closely related to the amplitude of the slow negative potential responses, 
which also could be affected by preceding VL stimuli. Fig. 11 shows that 
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cortical stimulation of threshold strength, as judged by the amplitude. of the 
slow negative potential responses, evoked one spike discharge, whereas stimu- 
lation of similar strength to VL failed to activate the unit. When the stimu- 
lation of the cortex was preceded by VL stimulation at varying intervals, 
spike discharges did not occur until the amplitude of the slow responses to the | 
cortical stimuli was equal to or above that of the control responses. 


Fig. 11. Relationship between the amplitude of the slow potential and spike discharges in response 


to twin shocks, C~C, control response to stimulation of the cortex; C-VL, control response 
to VL stimulation. Intervals between the two shocks were 10 msec in 1, 12 msec in 2, 
15 msec in 3 and 20 msec in 4. Recording from a depth of 1-0 mm. Time marks 5 msec; 
vertical bar represents 1 mV. 


Similar results were obtained when the initial negative potential and sub- 
sequent prolonged negative wave in response to strong stimulation of the 
cortical surface were recorded. Fig. 12 (C-VL) shows the deep-negative 
potential recorded following a stimulus to VL. C-C (Fig. 12) shows the deep- 
negative-negative potential with a spike at the peak of the first component 
obtained from strong stimulation of the cortical surface. Records 1 to 22 were 
the responses to the twin shocks at varying intervals. In this experiment 
inhibition of spike response to cortical stimulation by the preceding VL volley 
was found to persist for 60 msec. 

- Fig. 18 shows the size of the initial brief and the subsequent prolonged 

negative potential in response to cortical stimuli at varying intervals following 
the VL volley. From this figure it is clear that the initial and the subsequent 
heg:tive potentials are both depressed. Their recovery is accompanied by 
spike responses, 
4 PHYSIO. CXXXIII 
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Fig. 12. Relationship between the amplitude of the slow potentials and spike discharges in respon- c 
to twin shocks, C-VL, control response to stimulation of VL; C-C, control response to direct t 
cortical stimulation. Intervals between the two shocks: 1, 0-5 msec; 2, 1 msec; 3, 1-5 msec; | 
4, 2 msec; 5, 3 msec; 6, 4 msec; 7, 5 msec; 8, 6 msec; 9, 7 msec; 10, 8 msec; 11, 9 msec; ’ 
12, 12 msec; 13, 14 msec; 14, 28 msec; 15, 35 msec; 16, 36 msec; 17, 40 msec; 18, 42 msec; 0 
19, 50 msec; 20, 55 msec; 21, 60 msec; 22, 170 msec. Time marks 1 msec and 10 msec. 7 
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Fig. 13. The inhibitory effect of a preceding volley initiated from the nucleus ventralis latera/is p 
upon the responses to direct cortical stimulation. Abscissa represents the time interval 
between the two volleys. Ordinate represents the amplitude of the slow potential respons 2 
to cortical stimulation. The points (.) represent the magnitude of the initial negative potenti«!s | 
and the crosses ( x ) represent the subsequent negative waves. 
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DISCUSSION 


Although the motor cortex receives short association fibres from the neigh- 
bouring cortical areas and callosal fibres from the opposite hemisphere, its 
main afferent pathway takes its origin in the nucleus ventralis lateralis of the 
thalamus. Considering the anatomical connexions of this thalamic nucleus 
with the cerebellum and cerebral structures, one would assume that it would 
serve as & main relay station to the motor cortex and exert considerable 
influence upon the activity of the cortical motor neurones. In the above experi- 
ments it was found that single shock stimulation of the nucleus ventralis 
lateralis temporarily arrested the discharge of units in the motor cortex. When 
a unit was discharging ‘spontaneously’, the arrest of its discharge might 
persist for as long as 400 msec; whereas, if the discharge occurred only in 
response to stimulation of the cortex, the depression of the unit responses 
lasted for 80 msec at the longest. | 

It is probable that the deep-negative potential in response to stimulation of 
VL (Fig. 2) represents the sum of the ‘synaptic potentials’ generated by 
numerous cortical neurones and presynaptic fibre terminals. When an extra- 
cellular microelectrode records the summated synaptic potential and a spike, 
the spike merely represents the action potential of one of the numerous dis- 
charging units and may curtail the synaptic potential of that unit but is 
incapable of bringing the others to an end. If this is true, one must assume that 
in response to a synaptic volley the cortical units do not discharge at precisely 
the same instant; this is consistent with observations on spike discharges under 
the effect of local application of strychnine (Li, 1955a). 

The time required for synaptic transmission in the cortex and thalamus has 
never been accurately determined. The time measurements of 5-25, 4-0, 3-0 
and 2-3 msec, as shown in Fig. 4, would indicate not only the number of 
synapses involved in the polysynaptic path under study, but also that synaptic 
delay lies between 0-7 and 1-25 msec. 


SUMMARY 

1. The influence of thalamic projections on the activity of motor cortical 
neurones has been investigated by alternate stimulation of the nucleus ventralis 
lateralis and cortical surface, and recording with glass micropipette electrodes 
from the precruciate cortex of the cat. This study has led to the following 
results and conclusions. 

2. Recording with penetrating electrodes from successive depths of the 
cortex suggests that the projection fibres from the nucleus ventralis lateralis 
probably terminate at the motor cortex above the large pyramidal cell layer. 
8. The slow potential responses recorded from the cortical surface are 
variable, especially in the late component of the responses. In the — 
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to VL stimulation the later surface-negative component may be prolonged, 
and in the responses to cortical stimulation the later surface-positive com- 
ponent may be reversed in polarity. In the latter case unit spike discharges 
were only recorded with the initial negative component. 

4. The number of synapses in a polysynaptic path may be determined by 
stimulation of increasing strength to the presynaptic element and plotting the 
latencies of spike discharges from the postsynaptic cells. 

5. The delay at each synapse varies between 0-7 and 1-25 msec, depending 
upon the strength of stimulation applied to the presynaptic element. 

6. The deep-negative potential in response to synaptic volleys probably 
represents the summated ‘synaptic potentials’ generated by the presynaptic 
fibres and the depolarized membrane of the postsynaptic cells. When the 
negative potential has reached a critical level, action potentials are pro- 
duced. The critical level for the motor cortical neurones is about 1-2 mV. 
If the deep-negative potential is depressed, the discharge of action potentials 
will not occur, even though the synaptic resistance has been overcome. 

7. ‘Spontaneous’ spike activity has been frequently found to be unrelated 
to the ‘spontaneous’ occurrence of deep-negative potentials. However, if a 
deep-negative potential was evoked by stimulation of the nucleus ventralis 
lateralis the ‘spontaneous’ spike activity may be arrested for as long as 
400 msec. 

8. When the spike discharge occurred only in response to direct cortical 
stimulation, the spike response was invariably inhibited by a preceding 
stimulation to the nucleus ventralis lateralis. Inhibition of such spike responses 
may persist for as long as 80 msec. 

9. It is concluded that the discharge of the nucleus ventralis lateralis exerts 


an inhibitory effect upon the activity of the cortical neurones in the motor — 


cortex. 


The author wishes to express his gratitude to Miss Vera Douglas for her valuable assistance in 
preparing this paper. 
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THE SITE OF INITIATION OF IMPULSES IN 
PACINIAN CORPUSCLES 


By J. DIAMOND, J. A. B. GRAY anp M. SATO* 
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After mechanical stimulation of a Pacinian corpuscle, a sequence of potential 
changes can be recorded from the axon at the point where it leaves the capsule 
of the receptor (Gray & Sato, 1953). These potential changes can be divided 
into three distinct components: first the receptor potential, secondly, a com- 
ponent of all-or-nothing nerve impulse activity occurring peripheral to the 
site of recording, and thirdly another phase of all-or-nothing activity central 
to the recording region. Recently, Quilliam & Sato (1955) have investigated, 
by histological methods, the distribution of myelin on the axons from Paci- 
nian corpuscles; they described the regular occurrence of a node of Ranvier 
at the point at which the axon leaves the corpuscle and another half-way 
between this node and the terminal (Fig. 1). Their work shows that there were 
two nodes of Ranvier between the recording region used by Gray & Sato and 
the non-myelinated terminal. The peak of the second phase of activity must 
therefore be attributed to the all-or-nothing activity at the node of Ranvier 
lying at the point where the axon leaves the corpuscle. The main purpose of 
the work described in this paper has been to identify the phases of all-or- 
nothing activity attributable to the nodes described by Quilliam & Sato and, 


in particular, to see whether all-or-nothing activity occurs in the non-myeli-. 


nated terminal after mechanical stimulation of the receptor. 


METHODS 


Preparations of Pacinian corpuscles and their axons were made by the technique described by 
Gray & Sato (1953), The preparations were mounted in a manner similar to that used by them, 
but the recording length of axon was mounted, not in air, but in petroleum jelly as described }y 
Gray & Ritchie (1954). 

The stimulating and recording techniques used were also the same as those used by Gray « 
Sato, except that two large Ag—AgCl—NaCl agar electrodes were allowed to dip into each poo. 


* Department of Physiology, College of Medicine, University of Kumamoto, Kumamot», 
Japan. 
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One pair was used for recording and the other for passing current (Fig. 1). The constant current 
was obtained by connecting a calibrated pe‘entiometer, having coarse and fine-stepped controls, 
through a 42 MQ series resistor to the electrodes; dry batteries totalling from 126 to 504 V were 
used across the potentiometer. In most experiments the fresh preparation was examined with a 
polarizing microscope, and at the end of the experiment it was fixed in osmic acid and mounted 
in the manner described by Quilliam & Sato (1955). 


Fig. 1. Diagram of the preparation with the recording and polarizing circuits. 7, ‘non- 
myelinated’ axon terminal: N,,; N,, N;, nodes of Ranvier; Z,, Z,, recording electrodes; E,, 
E,, electrodes for polarizing currents; P,, P,, coarse and fine-stepped potentiometers. 


RESULTS 

Effects of constant currents 
Pacinian corpuscles were stimulated mechanically and records, having the 
general form described by Gray & Sato (1953) (see Fig. 2a), were obtained 
from electrodes Z, and E, (Fig. 1); the preparations were then polarized by 
passing a current between electrodes ZH, and E, (Fig. 1). The procedure 
normally adopted was to record, on a single photograph, groups of about ten 
responses every 5 sec. Immediately after photographing each group, an event 
which took from 0-2 to 0-5 sec, the polarizing current was switched to the 
next value; at each setting of the potentiometer a record was made with 
both ascending and descending currents and with the current switched off. 
Satisfactory results were obtained from twelve preparations. 
_ Normally the current was increased in small steps, and it was found that 
the response recorded without current remained constant even after the 
corpuscle had been exposed to currents sufficient to block one node, i.e. node 2, 
(Fig. 1). When, however, the currents were further increased a point was 
usually reached at which a subsequent response to mechanical stimulation, 
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in the absence of current, consisted only of a receptor potential. It seems 
probable that, with these large currents, the density of inward current 
across the membrane of the node nearest the barrier was sufficient to cause 
damage, resulting in an abnormally bow membrane potential when the current 
was switched off. All-or-nothing activity often returned if the preparation 
was allowed to rest and could always be brought back by a small anodal 
polarization of the corpuscle. Another finding, consistent with the view that 
large currents caused damage near the barrier, was that above a certain level 
increases in current had little or no effect on events at the nerve terminal; 


(6) 


RP, 


Fig. 2. Diagram of recorded potential shapes. a, without polarizing current; 6, with a current 
of intensity sufficient to reveal all the phases. &.P., receptor potential; N,, N,, N;, and N,,» 
phases of all-or-nothing activity—for attributions see text. 


this could best be explained by assuming that the current was being short- 
circuited through a damaged node near the barrier. The currents used were 
larger than those required to have similar effects on single nerve fibres dis- 
sected from nerve bundles and mounted on an air gap, but in the Pacinian 
corpuscle preparations a smaller part of the applied current passed through 
the axon because of the greater amount of tissue left round the fibre. 


Anodal polarization 
Changes in wmpulse form. These experiments all show, in whole or in part, 
that certain changes occurred in the recorded potential when the corpuscle 
was anodally polarized. Without current the record of the potential change had 
the same shape as that described by Gray & Sato (1953) (Fig. 2a, Fig. 3, 0.4). 
Applying a current so that the corpuscle was positive increased the amp!- 
tude and the rate of rise of the all-or-nothing activity peripheral to te 


N 
N, (a) 
RP. 
Nay 


the 


IMPULSES IN PACINIAN CORPUSCLES 57 


barrier (Ny 49 in Fig. 2a), while having the reverse effect central to the barrier 
(N, in Fig. 2a) as in cathodal polarization. This change can be seen in Fig. 3 
in the frames taken with currents of +0-3, +0-6, +0-9 and +1-2uA. In 
the last of these frames, i.e. at +1-2A, a clear step can be seen in the rising 
phase; in the next frame, that at +1-5uA, the activity above the step has 


i 


_ Fig. 3. Effects of polarizing currents on the recorded potentials. Top left, photomicrograph 


(retouched) of the preparation used to obtain the records in the rest of the figure; V,, N, 
and N, are nodes of Ranvier, the dotted lines represent the maximum extent of the petro- 
leum jelly barrier. Top beam signals time (1 msec) and indicates amplitude and time 
course of mechanical stimulus, which is identical in all records; bottom beam, superimposed 
records of potential changes—the waves in the last few frames are an artifact caused by the 
stimulus during the flow of large currents; the figures on each frame indicate the current 


strength in uA, the sign indicating the polarity of the corpuscle. 


gone entirely. Fig. 4a illustrates a result obtained when the current was just 
critical; the last phase of the potential appeared only in about half of the 
traces. The disappearance of this phase of activity (N, in Fig. 26) left the 
receptor potential (R.P. in Fig. 2) and a phase of all-or-nothing activity (N, in 
Fig. 2b). Changes of stimulus strength showed that the phase N, (Fig. 26) 
arose in an all-or-nothing manner from the receptor potential; Fig. 46 is a 
record taken with the mechanical stimulus strength at its threshold value 
and shows the N, phase arising from the receptor potential. A further increase 
in the current strength raised the threshold for the appearance of the N, 
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phase of all-or-nothing activity; this can be seen in Fig. 3 at current strengths 
+1-5, +1-7, +2:4and +2-9A as an increase in latency (see Gray & Malcolm, 
1950), and in Fig. 5 in which an increase in current between a and 6 resulted 
in a proportion of the stimuli failing to set up an impulse; an increase of 
mechanical stimulus strength, as in Fig. 5c, was able to compensate for the 
effects of the polarizing current. 


Fig. 4 Fig. 5 
Fig. 4. Records obtained under ‘ critical’ conditions. Top beam signals time (1 msec) and indicates 
mechanical stimulus; bottom beam, superimposed records of the potential change. a, with 
the current strength critical for block of the N, phase; 6, the N, phase has gone, stimulus 
strength critical for the N, phase arising from the receptor potential. 


Fig. 5. Increase in threshold with anodal polarization. Top beam signals time (1 msec) and — 


indicates mechanical stimulus; bottom beam, superimposed records of the potential change. 
a, record at given current and mechanical stimulus strength; b, current increased, mechanical 
stimulus as in a; c, mechanical stimulus increased, current as in b. 


The point at which the N, phase takes off from the N, phase can be seen 
clearly in Fig. 3 at 1-24A; even with smaller currents a discontinuity corre- 
sponding to the start of N, can be seen. In the original records of all experi- 
ments this discontinuity has been found, even with small currents. It was 
thus possible to measure the time from the beginning of the receptor potential! 
to the beginning of phase N, and also the time from the beginning of phase 


N, to the beginning of phase N,. These times are plotted in Fig. 6. It is hoped — 


to demonstrate in this paper that there is considerable evidence for the 
assumption that the phase N, is due to the activity of node 1 (Fig. 1), an! 
phase N, to the activity of node 2. If this is so then Fig. 6a represents 3 
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latency curve for the excitation of node 2 by the activity of node 1 at various 
intensities of current; Fig. 66 is then the corresponding curve for the excita- 
tion of node 1 by the receptor potential. 

These experiments have revealed two phases of all-or-nothing activity in 
addition to the receptor potential. Quilliam & Sato (1955), in an investiga- 
tion of the myelination of the nerve fibres to Pacinian corpuscles, showed 
that a node of Ranvier occurs regularly near the point at which the nerve 
fibre leaves the corpuscle and another node occurs inside the corpuscle half- 
way between this point and the beginning of the terminal segment. These 
are illustrated in Fig. 1 and in Fig. 3, which includes a photograph of the 
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Fig. 6. Increase in latency of activation with increasing anodal polarization. Abscissa: current 
in pA, corpusecle positive. Ordinate: a, time (usec) from beginning of NV, phase to begirining 
of N, phase; 5, time (usec) from beginning of receptor potential to beginning of NV, phase. 


actual preparation used to provide the records illustrated in the rest of the 
figure; in Fig. 1 these nodes have been numbered 2 and 1 respectively. The 
positions of the nodes of Ranvier were determined histologically in each 
experiment, and their relations to the position of the barrier were noted; 
there was, however, always some doubt about the exact position of the barrier 
margins, but in every experiment the barrier was effectively between nodes 2 
and 3, There were, however, minor variations in the relation between the 
nodes and the barrier, and these variations could be related to certain 
differences in the recorded potentials. Occasionally node 3 lay in the barrier 
and a small component, due to its activity, could be seen on top of the record. 
Sometimes node 2 was relatively far from the corpuscle (e.g. Fig. 3) and lay 
just inside the barrier; in these circumstances the N, phase of regenerative 
activity was relatively small while the N, phase and the receptor potential 


hs 
m, 

of 
he 

tes 

ith 

nd 
ge. 
cal 
en 

e- 
as 
ial 

se 
od 
b e 

id 

3 


60 ~ J. DIAMOND AND OTHERS 


were correspondingly large. In all experiments the peak of the N, phase of 
regenerative activity was clearly due to the activity of node 2, which always 


lay near the peripheral margin of the barrier. As the density of polarizing 
current leaving the fibre must diminish at each successive node away from 
the barrier, it is reasonable to assume that activity at the node nearest the 
barrier would be blocked at smaller values of total current than would the 
activity of the next node, in this instance node 1; it can be assumed, there- 
fore, that the N, phase of regenerative activity was wholly due to the activity 
of node 2. The manner in which the N, phase disappeared was typical of 
that seen on blocking a single node (Tasaki, 1953). 

When the polarizing current was increased to its maximum effective value, 
no further block or even discontinuity in the rising phase of the potential 
resulted. This suggests two possibilities: (1) that the whole of the N, phase 
is due to activity at node 1 and that no all-or-nothing impulse occurs in the 
non-myelinated terminal after mechanical stimulation; or (2) that the receptor 
potential does generate an all-or-nothing impulse in the non-myelinated 
terminal, but that there was no detectable discontinuity between this poten- 
tial in the terminal and that of node 1, because the anodal polarization was 
inadequate. The polarizing currents increased the threshold for all-or-nothing 
activity of the receptor; this effect must have occurred at the site of the 
earliest all-or-nothing activity, wherever that was. A change of threshold at 
the terminal would almost certainly be less than that at node 1 (see dis- 
cussion); thus a lower limit can be set to the maximum change of threshold 
at node 1 by measuring the maximum change of threshold for the N, phase 
of the potential; these measurements are described in the next section. In 
the discussion it will be argued that the threshold of node 1 would have been 
raised by an amount adequate to produce a discontinuity in the N, phase 
of the potential, if node 1 were excited by an all-or-nothing impulse in the 
terminal. 

In one experiment the same technique was used to analyse the activity 
occurring central to the barrier on the arrival of an antidromically conducted 
impulse; by anodal polarization of the central side of the barrier it proved 
possible to block successively the activity of two nodes, and to produce 
a marked discontinuity between the activity of the third and fourth 
nodes. 

Measurement of threshold. The threshold for all-or-nothing activity, arising 
in the receptor, was measured with various intensities of polarizing current, 
the corpuscle being anodal. The changes of threshold that could be produced 
were limited (see Fig. 7), probably because there was breakdown of the axcn 
membrane at node 2 with the large currents, and for the reasons already 
given it was the maximum change of threshold with which we were primarily 
concerned. 
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The thresholds were measured by recording, superimposed, the responses to groups of identical 
stimuli. The threshold was taken as that stimulus strength at which approximately half the 
responses included all-or-nothing activity. The threshold was measured without polarizing current 
and then with different values of current; repeat measurements without current were made at 
frequent intervals. When the polarizing current reached levels at which damage began to appear 
and no all-or-nothing activity could be obtained without some anodal polarization, then, instead 
of measuring the threshold without current as a reference point, the threshold at some suitable 
small value of anodal polarization was used. At each point both the stimulus strength and the 
size of receptor potential were measured. The receptor potential is the immediate stimulus for 
the impulse, but the size of the recorded receptor potential depends on the space constant of the 
fibre between the terminal and the point of recording; over the greater part of the working range 
the space constant would have been increased by the anodal polarization and, consequently, the 
receptor potential would have appeared larger. The largest currents, however, appeared to cause 
some damage which resulted in a reduction of space constant and of the amplitude of all recorded 
potentials. On the other hand, stimulus strength is not linearly related to the receptor potential; 


a b 
: 
i 
3} 
0 1 2 3 5 | 3 4 5 
pA pA 


Fig. 7. Increase in threshold with increasing anodal polarization. Abscissa: current in pA, 
corpusele positive. Ordinate: a, amplitude of threshold stimulus in multiples of threshold 
value in the absence of current; b, amplitude of receptor potential at threshold in multiples 
of threshold value in the absence of current. 


over the working range the relation is not far from linear, but with big stimuli the departure 
from linearity is great (Gray & Sato, 1953). Also, anodal polarization may have caused the 
receptor potentials resulting from given stimuli to be greater than they would have been without 
the current. Thus, over most of the working range, stimulus strength measurements are likely to 
have underestimated the threshold change in these experiments, while measurements of receptor 
potential would have tended to overestimate it. Since the results obtained with both measures 
were similar (Fig. 7a, 6) it seems improbable that the errors were large. Technically, stimulus 
strength measurements were more accurate and, as they probably underestimate threshold 
changes with increasing polarization, these are the values quoted. 


_ Consistent results were obtained in two experiments, specially designed to 
make these. measurements, and confirmatory results were obtained from 
several others; the curves in Fig. 7 are typical. The threshold was raised to 
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& maximum of 5 and 6 times in the two experiments. In one of these experi- 
ments the threshold with a 3A current was compared directly with the 
threshold with no current; observations were made as quickly as possible 
with currents as follows, 0-3-0-3-0yA, and consistent results were obtained. 
The current increased the threshold for regenerative activity, as measured by 
the stimulus strength, by 7-4 times; as measured by receptor potential es 
tude the ratio was 10. : 


Cathodal polarization | 
Comparatively small currents abolished all all-or-nothing activity in the 
preparation when the cathode was applied to the pool containing the Paci- 
nian corpuscle (Fig. 3, 0-6yA); these currents were usually less than half 
those of the opposite polarity required to block node 2. With smaller currents 
all-or-nothing activity could be seen, but it became smaller in amplitude and 
rate of rise as the currents increased (Fig. 3, 0-3yA). In the penultimate 
stage all-or-nothing activity could only be detected as small steps arising 
from the receptor potential at threshold; with larger stimuli these potentials 
merged into a single graded response. 


Effects of current on the receptor potential 
Anodal polarization of the corpuscle increased the recorded amplitude of 
the receptor potential, and cathodal polarization decreased it. Attempts were 
made to follow this effect in preparations whose impulse activity had been 
abolished with procaine. The currents used, however, must also have altered 
the recording conditions, and with anodal polarization it proved difficult to 
prevent impulse activity, which obscured the receptor potential, from 


appearing. For these reasons no quantitative observations of the effects of — 


polarizing currents on the receptor potential were made. 


Effects of procaine 

When 0-1°% procaine was placed in the pool containing the Pacinian cor- 
puscle the impulse gradually disappeared, in a manner similar to that found 
with increasing cathodal polarization; that is to say, the amplitude and rate 
of rise declined steadily and became more and more dependent on stimulus 
strength, until all signs of all-or-nothing activity ceased. The end effect of the 
action of procaine differed in one respect from that of cathodal polarization: 
appropriate doses of procaine did not affect the recorded amplitude of the 
receptor potential, which was always diminished by cathodal polarization. 
This last result was probably partly due to the facts that procaine is u.- 
likely to have affected the space constant of the fibre, and so the recording 


conditions, and that diffusion of ona into the corpuscle may be om 


(cf. Gray & Sato, 1955). 
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It was expected that procaine placed in the peripheral pool would reach 
any node outside the corpuscle much more rapidly than any inside, and that 
it would thus be possible to distinguish the activity of node 1 from that of 
node 2; this was not successful, since no step such as that seen with anodal 
polarization appeared. Some experiments were done in which anodal polariza- 
tion was used to distinguish the activity of individual nodes during the 
application of procaine to the corpuscle. These experiments gave uncertain 
results, but it seemed probable that the time interval between the onset of 
the observed effects of procaine at the two nodes was not long. 


Size of potentials 
Gray & Sato (1953) quote figures for the maximum amplitude of the 
receptor potential as compared with that of the all-or-nothing activity arising 
on either side of the recording barrier. The maximum receptor potential was 
always relatively large and, in the absence of histological evidence, it was 
assumed that the first phase of the impulse arose in the non-myelinated 
terminal. The demonstration by Quilliam & Sato (1955) of two nodes of 
Ranvier between the terminal and the recording barrier made these values 
of amplitude improbable; their observation also means that no satisfactory 
measurements of the amplitude of the receptor potential can be made with 
this method, since they would be dependent on the state of the intervening 
nodes. None the less, six experiments were performed under conditions expected 
to reduce some of the errors known to have been present in the earlier work; 
for example, artifacts were reduced and the time required for all observations 
was shortened as far as possible. First the record was made monophasic by 
procainizing the central pool, then by careful procainizing of the peripheral 
pool impulse activity was abolished leaving the receptor potential little 
altered in size (see Gray & Sato, 1953). The amplitude of the maximum 
receptor potential, in terms of the amplitude of the impulse on the peripheral 
side of the barrier, was 59% (n*=6, s.v.=14%). In terms of the impulse 
central to the barrier—obtained by subtracting the monophasic from the 
diphasic potential—the result was 38%, (n* =5, s.D.=17%). 


DISCUSSION 


The results obtained with increasing anodal polarization of a Pacinian cor- 
puscle show that the all-or-nothing activity arising in, or very near, the 
corpuscle can be divided into two distinct phases. The later, and greater, of 
these two phases must arise from the node of Ranvier immediately peripheral 
to the recording barrier. Since all preparations used in the electrical experi- 
ments have been examined histologically, it is possible to assign with con- 
fidence this phase of activity to node 2, the node Quilliam & Sato describe as 
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lying immediately outside the corpuscle. The other phase of all-or-nothing 
activity, which immediately precedes that of node 2, must arise largely from 
node 1, the node in the convoluted segment of the fibre. 

The main question posed in this paper, however, is whether or not an all- 
or-nothing- impulse. occurs. in the non-myelinated terminal after adequate 
mechanical stimulation. The N, phase could not be divided by increasing 
polarization, nor could a discontinuity be produced on its rising phase. There 
is therefore no evidence that there is all-or-nothing activity in the non- 
myelinated terminal; to argue that such activity does not occur, we must 
show that the currents used would have been sufficient to raise the threshold 
of node 1 enough for a discontinuity to appear on the rising phase of the N, 
potential. Measurements have shown that the threshold for all-or-nothing 
activity in the receptor was raised up to 7-4 times by the polarizing current; 
if all-or-nothing activity does occur in the terminal this figure will refer to 
the change of threshold in the terminal membrane. If it is now assumed that 
the change of threshold produced by the current at node 1 is at least as great 
as, and probably greater than, that produced at the non-myelinated terminal, 
the increase in threshold at node 1 will have been at least 7-4 times. But 
normally an all-or-nothing response is less than 10 times the change of mem- 
brane potential required to excite (Hodgkin, Huxley & Katz, 1949; Brock, 
Coombs & Eccles, 1952; Castillo & Katz, 1955), and the safety factor for one 
node exciting the next in frog myelinated nerve is 5 to 7 (Tasaki, 1953). Even 
if the attenuation of the activity of the terminal by the last internode is ignored 
these figures would suggest that node 1 must have been nearly blocked. 
In these experiments a discontinuity between the N, and N, phases has 
usually been clear with a polarizing current about half that required to block 
the N, phase; that is in the range when threshold was related to current in 
an approximately linear manner. It therefore seems that the failure of the 
currents used to produce a discontinuity in the rising phase of the N, potential 
is best explained by an absence of all-or-nothing activity in the sahcaurdineted 
terminal after excitation by a mechanical pulse. 

It has been assumed that the change of threshold produced by the current 
at node | is not less than that produced at the terminal. Since all polarizing 
current must pass through the barrier, that entering the non-myelinated 
terminal must all pass down the last internode; the extra-axonal fluid in the 
pool may be regarded as having a uniform potential and it therefore follows 
that the potential, due to the current, across any part of the membrane of the 
non-myelinated terminal must be less than that across node 1. The threshold 
for an all-or-nothing response in the terminal may be assumed to vary with 
changes of membrane potential in the same way as that of the nodes of 
Ranvier. Therefore changes of threshold due to anodal polarization of the 
corpuscle must have been greater at node 1 than at the terminal. 
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The absence of all-or-nothing activity in the terminal, when the corpuscle 
is stimulated mechanically, might be due either to an inability of the terminal 
membrane to undergo an all-or-nothing change in any circumstances, or 
simply to its inability to show all-or-nothing activity in the presence of the 
receptor potential, It has not been possible to distinguish between these by 
means of antidromic impulses. These results do not exclude the possibility 
that there is graded activity in the non-myelinated terminal involving a 
specific change in sodium permeability. 

The failure to distinguish distinct phases of activity attributable to each 
node of Ranvier when using procaine may have been due to the smallness of 
the interval between the action of the drug at the two nodes. There may, 
however, have been another factor. Gray & Sato (1953) showed that impulse 
activity arising peripheral to the barrier often exhibited grading of its ampli- 
tude near threshold. The amplitude of this potential must depend on the 
activity of node 2, and gradation of activity here must mean that there is 
even more grading in the activity which excites it, the impulse activity of 
node 1. In these experiments the grading of the impulse was usually asso- 
ciated with an impulse of small amplitude and rate of rise, and disappeared 
on anodal polarization. It seems likely that the axon terminal had a low 
membrane potential. This may well be due to the fact that these were 
preparations isolated from the body and kept at room temperature, but there 
is some evidence that the terminal may always have a rather low membrane 
potential. The threshold and rate of adaptation of the isolated and the 
circulated preparations are similar (Gray & Sato, 1953); the impulse near the 
corpuscle is also probably smaller than that further from the ending, even in 
preparations in the intact animal. The records obtained from Pacinian cor- 
puscles (Gray, 1947), which show that those conducted orthodromically are 
different in shape from those conducted antidromically, have been analysed ; 
the monophasic activity under each electrode has been calculated, and that 
calculated as occurring near the corpuscle had a slower rate of rise and 
smaller amplitude than that under the other electrode. A low membrane 
potential may then possibly exist at the terminal, even in preparations with 
natural circulation. 

The measurements of maximum receptor potential size have given a lower 
figure than those found by Gray & Sato (1953). If it is assumed that the 
impulse peripheral to the barrier is much below full size, it is probably better 
to relate receptor potential size to that of the impulse central to the barrier. 
If this is done the mean value is 38%, with a big margin of error. The longi- 
tudinal current due to the receptor potential diminishes by an unknown 
factor along each successive internode; the amplitude of the record will thus 
depend on the number of intervening nodes and the size of the attenua- 


tion factor. This factor for myelinated nerve fibres from the frog sciatic 18 
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about 0-5 (Tasaki, 1953). Since there are two nodes between the axon terminal 
and the site of recording in our preparations, a similar attenuation factor 
would mean that the receptor potential is about 50% greater in amplitude 
than the impulse at node 3. The errors in the absolute size of the impulse used 
as a reference, in the estimate of attenuation factor and in the measurements 


_ themselves, are all so great, however, that the results can only indicate an 


order of magnitude. They do suggest that Gray & Sato were correct in saying 
that the receptor potential was probably of the same order of magnitude as 
the resting and action potential, even if their reasons for saying so have 
proved wrong. 

Since the manuscript of this paper was completed, Eyzaguirre & Kuffler 
(19554, 6) have published an account of the activity of a stretch receptor in 
the crayfish. They conclude that no all-or-nothing activity occurs in the 
receptor terminal with either ortho- or antidromic activation. 


SUMMARY 


1. Records have been obtained of the action currents flowing along the 
internode between the second and third nodes on the axon from a Pacinian 
corpuscle. Polarizing currents have been passed through the terminal parts 
of the axon. 

2. The activity due to each node has been distinguished by means of 
differential blocking. 

3. Evidence is presented that when a Pacinian corpuscle is mechanically 
stimulated no all-or-nothing impulse activity occurs in the non-myelinated 
terminal, which therefore appears to be concerned solely with the production 
of the receptor potential during orthodromic activation. 

4. The absolute value of the maximum receptor potential has been con- 
sidered. The evidence is inaccurate, but indicates that the receptor potential 
amplitude is of the same order of magnitude as the resting and action potentials. 
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Action potentials in the ventral nerve cord of the locust, elicited by visual 
stimulation, have been described previously (Burtt & Catton, 1954a). The 
present paper describes visual responses recorded from the optic lobe by the 
insertion of an insulated microelectrode through the corneal surface; a pre- 
liminary report has already appeared (Burtt & Catton, 19545). Autrum 
(1950) has described the slow illumination potentials (‘Belichtungspoten- 
tiale’) in the eye of the blowfly Calliphora in response to light ‘on’ and ‘off’ 
stimulation, using a relatively coarse intraocular electrode. Other workers 
(e.g. Bernhard, 1942; Crescitelli & Jahn, 1939, 1942) have recorded potentials 
from superficial electrodes on the optic lobe of the grasshopper. Adrian (1937) 


made a study of the rhythmical discharges from the optic lobe of the water- - 


beetle Dytiscus, and noted also the presence of spike discharges. 


Micro-anatomy of the insect optic lobe 

The optic lobe of insects, which is interposed between the compound eye 
and protocerebral ganglion on each side, is a very complex organ. In general 
plan (see Fig. 1) it consists of three so-called ‘ganglia’, each made up of a 
central mass of fibres and synapses, surrounded by a layer of neurones. The 
first ganglion lies close under the ‘retina’ (the layer of retinula cells of the 
ommatidia) from which it receives numerous fibres. Between the first and 
second, and the second and third ganglia are zones of crossing fibres (chias- 
mata). Fibres then pass from the optic lobes into the protocerebral ganglia. 
The spatial distribution of the neurones and synaptic layers varies in differeit 
species, but all conform to this general pattern. The first, second and third 
‘ganglia’ will be termed ‘synaptic regions’ in this paper. The spatial relations 
of these in Locusta are shown in Fig. 2. Measured along a direction axial to 
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the optic lobe, the depths of these regions from the corneal surface are 0-75, 
1-25 and 1-75 mm respectively. 


Fig. 2 
Fig. 1. Diagram of neurone connexions in the optic lobe of Aeshna (redrawn from Zawarzin, 1914, 
_ with some connexions omitted). 1, II, III, ‘Ist, 2nd and 3rd synaptic regions. (The inter- 

rupted lines indicate the limits of distribution of the neurone somata.) 


Fig. 2. Locusta. (A) Inner surface of compound eye and attached optic lobe severed from brain. 
(B) Median vertical section of eye and optic lobe, at plane vs in (A). (C) Horizontal section 
of eye and optic lobe at plane hs in (A). c, cuticular shelf supporting eye; hs, plane of 
horizontal section; 0, ommatidial region; p, eye pigment; I, II and III, lst, 2nd and 3rd 
synaptic regions of optic lobe; vs, plane of vertical section. In B and C synaptic and fibrillar 
regions of the optic lobe are shown plain and regions of neurone somata stippled. 


METHODS 


Adult specimens of the migratory locust (Locusta migratoria migratorioides L.), grasshopper 
(Chortippus brunneus Thunb.), blowfly (Calliphora vomitoria L. ), and the dragonfly larva (Aeshna 
sp.) were used in different experiments, but most work was performed on the locust. In order to 
reduce voluntary movements the insects were lightly anaesthetized with urethane, injected into 
the body cavity; for Locusta 0-15-0-25 ml. of a 10% solution was used, and proportionate doses 
for ‘be other species. The insect was placed in a groove cut in a cork platform and secured by 
pins «nd plasticene. A small hole was cut in the front of the head to receive the indifferent elec- 


‘ trode (a silver wire, 0-2 mm diameter). The intraocular microelectrode consisted of a silver wire, 


electrolytically sharpened in dilute nitric acid, and thrust into a drawn-out glass capillary so 
that 2bout 5-10 of silver, about 10, in diameter, protruded from the glass tip. By careful 
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heating in a nichrome coil the glass was caused to fuse round the silver, effectively sealing the 
electrode. In some later experiments indium-in-glass electrodes, as described by Malcolm 
(personal communication) were used. The resistance of the electrodes, measured in contact with 
Ringer’s solution on a Kohlrausch bridge at 2000 c/s, was 50,000 to 100,000Q. The microelectrode 
was mounted on a Zeiss mechanical stage (Fig. 3), having a vernier reading to 0-05 mm, and this 
was used to control the depth of penetration. Before insertion a small pilot hole was made by 
puncturing the cornea with a fine steel needle (Fig. 4); the microelectrode could then be inserted 
with no obvious resistance to movement. The extent to which the soft tissues were pushed in 
front of the electrode during its advance was uncertain. Sections prepared subsequently showed 


Fig. 3. Diagram of experimental apparatus. ms, Zeiss mechanical stage with 0-05 mm vernier 
scale; M, microelectrode; Pr, protractor scale; th, 6V tungsten-filament bulb; cl, condenser 
lens; 8, movable shutter. The electrode, mounted on the stage, could be swung through an 
arc as shown by the dotted line. 


Fig. 4. Locusta. Lateral view of head. c, compound eye; f, position of frontal ocellus; 0, lateral 
ocellus; z, usual point of entry of electrode. 


no evidence of distortion, and it was often difficult to identify the electrode track. A check was 
always made on withdrawal to see that the depth reading was the same at contact as on insertion, 
so as to detect any movement of the head during the experiment. Agreement was usually found 
to within 0-05 mm. Although in most experiments the phenomenon occurring at any given 
depth during insertion was recorded at the same depth during withdrawal, it was still possible 
that some displacement of the optic lobe was occurring. The scatter of the results, at the greater 
depths particularly, may be explained in this way. In later experiments, in which parts of the 
optic lobe were excised, a physical check on the position of the electrode tip was possible, as this 
could be seen to emerge from the cut end of the optic lobe. The direction of insertion was in the 
earlier experiments commonly perpendicular to the corneal surface, the pilot hole being mad» 4 
little below the geometrical centre of the eye. It was decided later that, in view of the spatial 
orientation of the optic lobes, other angles of entry might lead to a more axial penetration of 
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the optic lobe by the electrode, and so a protractor scale was fixed on the platform (Fig. 3), 
below the insect, to allow the electrode to be directed inwards at various angles in the hori- 
zontal plane. In prolonged experiments the head was irrigated from time to time with mammalian 
Ringer’s solution. In some experiments action potentials in the ventral nerve cord were recorded 
simultaneously on a second amplifier channel. The amplifiers were a.c. coupled, with an overall 
time-constant of about 0-5 sec, so that some distortion of the relatively slow illumination potentials 
was to be expected. For recording action potentials only, the time-constant was reduced to 0-1 
sec, in order to attenuate low frequency base-line disturbances. The input resistance of each 
amplifier was 1 MQ. After each experiment the head was removed and fixed in either formol- 
saline or aqueous Bouin, and then embedded in gelatine by the methods given by Pantin (1946). 
Thick sections (100) were cut by the freezing method and stained with picro-carmine. The 
whole eye was thus obtained as a set of sections, and the relationship of the point of entry of 
the electrode to the underlying nervous structures could be worked out. 

In order to obtain an estimate of the degree of shrinkage which occurred with fixation, frozen 
sections were cut from fresh unfixed material, and the depth of a readily observable layer (the 
2nd synaptic region) from the corneal surface was measured and compared with the corre- 
sponding depth measurement in fixed material. It was found that agreement was within 5% 
when compared ‘with Bouin-fixed material, but a greater and more variable shrinkage occurred 
with formol-saline, The sections shown in Fig. 9 are all taken from Bouin-fixed heads, and in all 
the later experiments the Bouin fixative was used. 

Another variable is the size of the insects themselves. Since these were from cultures kept 
under identical conditions, little variation in size was to be expected. Measurements on adult 
female locusts of the same species as used in our work have shown a mean head width of 
6-43+.0-034 mm (Duarte, 1939). This is a deviation either way of about 05%, which is much 
less than the probable errors inherent in our method of estimating the position of the electrode 
tip. 

The types of stimulation used were by interruption of the light beam falling on the eye (light 
‘on’ and ‘off’), and by movement of small white cards in the field of view of the insect’s eye 
(movement stimuli). The movements were performed rapidly but intermittently, to avoid 
fatiguing the responses. 


RESULTS 


Electrical responses were obtained from the eyes and optic lobes of Locusta, 
Chortippus, Calliphora and the Aeshna larva. It will be convenient hence- 
forward to use the term ‘eye’ to include both eye and optic lobe. Two types 
of response were regularly obtained from the four species, all showing similar 
characteristics. These were (1) illumination potentials (possibly comparable 
with the électroretinogram of the vertebrate eye), and (2) action potential 
spikes. Other types of electrical activity, only seen occasionally and usually 
developing spontaneously, were (3) regular sinusoidal waves at a frequency 
of 8-20/sec, in Locusta (Fig. 5a), (4) large diphasic sharp waves, in Locusta, 
(5) small blunt waves, in Locusta, and (6) constant regular spike discharges 
at a frequency of about 75/sec, in Calliphora only (Fig. 5c). Since only types 


| (1) and (2) appeared to be directly related to visual stimulation and were of 


regular ocourrence attention was given to these, and the others, when they 
occurred, were usually neglected. 
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L 
1 sec 


Fig. 5. Rhythms in eyes of Locusta and Calliphora. (a) Locusta. Upper trace, ventral nerve cord; 
lower trace, intraocular record. A spontaneous rhythm in the optic lobe is accompanied by 
spike discharges, which are particularly evident in the wave troughs. In the early part of 
the record single spikes in the nerve cord accompany the waves in six cases. (b) Locusta. 
Intraocular record, responses to light on and off. There is a low-amplitude resting rhythm 
of the same frequency as in (a). During illumination the frequency and amplitude are 
increased, but return to normal after light off. Note on and off spike discharges. Electrode 
tip 1-40 mm deep to surface of cornea. Illumination potentials do not appear. (c) Calli- 
phora. Intraocular record, showing rapid spontaneous rhythm at about 75 waves per sec. 


(a) and (b) retouched. 
Illumination potentials 

The illumination potentials were relatively slow waves elicited in response 
to light on and off, each wave lasting about 0-1 sec (Fig. 6). Wave activity 
of a similar nature was also detected when large movement stimuli were 
given. In each of the four species studied the illumination potentials under- 
went a reversal of sign at a critical depth, characteristic of the species. Thus 
with the electrode tip at, or near, the surface of the eye, the on-wave was 
negative, the off-wave positive (micro-electrode potential with respect to 
indifferent electrode: Fig. 6a (i)). At the reversal point little or no potential 
change was recorded (Fig. 6a (ii)); deeper than this the waves appeared 
again, the on-wave now positive, the off-wave negative (Fig. 64a (iii)). With 
progressively deeper penetration, both waves became gradually attenuated 
(Fig. 6a (iv)), after passing through a rather flat maximum. Between the 
on- and off-waves was a plateau region, the base-line showing a positive 
deflexion in the superficial recordings, and a negative deflexion at depths 
‘below the reversal zone. The exposure given in the experiment from which 
Fig. 6 is taken was 0-5 sec, so that this plateau may be distorted by the a.c. 
amplifier. Autrum’s records (Autrum, 1950), using a d.c. amplifier, are, how- 
ever, substantially the same, but he did not observe the reversal of sign which 
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Fig, 6. Illumination potentials recorded by intraocular electrode, at various depths. Stimula- 
*ion—light on and off. (a) Locusta compound eye. Electrode tip at depths: (i) 0-5 mm, 
(ii) 1-0 mm, (iii) 1-5 mm, (iv) 2-0 mm. 180, electrode. (6) Calliphora compound eye. Elec- 
trode tip at depths: (i) 0-15 mm, (ii) 0-45 mm, (iii) 0-50 mm, (iv) 0-60 mm. 10, electrode. 

(a) (i) and (a) (iii) retouched. 


1 sec 
Fig. 7. (a) and (6). Simultaneous records of on and off responses in Locusta. Upper trace, intra- 
ocular; lower trace, ventral nerve cord responses. The nerve cord spikes slightly precede the 
intraocular potential waves. In (b) the off response is oscillatory. 
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arises during penetration. The plateau was not seen in all records, but only 
_ in those showing the largest wave activity; the example in Fig. 6a is particu- 
larly favourable. Whilst the on-wave was usually single, and relatively con- 
stant in form, the off-wave was more variable, and occasionally markedly 
oscillatory (Fig. 76). In most experiments the reversal was so criticallly 
localized in depth that it was difficult, with the manipulator used, to set the 
electrode tip exactly to the minimum position. This depth in Locusta ranged 
from 0-75 to 0-9 mm, in different experiments. In some experiments with the 
grasshopper a second reversal zone was found, when the electrode tip was in 
the second synaptic region. 

The on- and off-waves were accompanied by action potential discharges in 
the ventral nerve cord (Fig. 7), the onset of which in each case appeared to 
precede the onset of the intraocular wave. These nerve cord on- and off- 
responses have been reported previously (Burtt & Catton, 1954a). Ventral 
nerve cord spikes were also observed to accompany the sinusoidal wave 
activity (type (3) above), single spikes tending to synchronize with each 
wave (Fig. 5a). In one experiment (Locusta) the resting background sinu- 
soidal wave was increased in amplitude and frequency during illumination of 
the eye (Fig. 55). The illumination potential of the Calliphora eye, shown in 
Fig. 65, behaved in the same way as in Locusta. 


Intraocular spike potentials 

During slow progressive insertion of the microelectrode, movement and 
on-off stimuli were repeatedly given. Faint spike responses were audible at 
all depths, but rapidly gained strength when a certain depth was reached. In 
many experiments, but not invariably, the onset was abrupt, occurring within 
one vernier division (0-05 mm). In Locusta, on which most experiments 
were performed, the depth of onset of loud spike activity was 1-0—-1-25 mm, 
and was reproducible in the same specimen. With increasing penetration 
the spikes increased in number and amplitude, and then as a rule pro- 
gressively diminished, the fade-away being much less abrupt than the 
onset. This zone of maximal spike activity (first spike maximum) had a mean 
depth of 1-27 mm (+0-13s.p.). There was usually a region of strong spon- 
taneous activity, a little deeper than that of the onset (spontaneous maximum, 
1:20-1:40 mm). This can be seen in Fig. 8, which also shows simultaneous 
discharges in the ventral nerve cord (movement stimuli). This figure shows 
that the intraocular response goes through a maximum at a depth of about 
1:15 mm in this experiment, and that the preparation is not damaged by the 
electrode, as indicated by constancy of the ventral nerve cord response 
throughout the penetration. The intraocular on and off spikes reached a 
maximum in the same region as the movement spikes, i.e. usually betweev 
1-0 and 1-5 mm; they are clearly seen in Fig. 5d. 
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In some specimens of locust and dragonfly larva the sequ - 
tions differed from the above in that 
passing through the first maximum, declined somewhat (in the region of 
strong spontaneous activity) and then increased again to a second maximum 
before finally dying away. The separation in depth between these two maxima 
of movement response was about 0-2 mm in the locust, and 0-5 mm in the ~ 
dragonfly larva. The presence or absence of the second spike maximum could 
possibly be associated with the precise angle of entry of the electrode, either 
encountering or missing the deeper-active zone. 


(i) 


Fig. 8. Simultaneous records of movement responses in Locusta, upper trace intraocular electrode, 
lower trace ventral nerve cord electrodes, taken at various depths of the intraocular elec- 
trode: (i) 1-0 mm, (ii) 1-15 mm, (iii) 1-35 mm, (iv) 1-45 mm, (v) 1-65 mm. The nerve cord 
responses remain practically constant, but the intraocular response rises to &@ maximum in 
(ii), and vanishes in (v). Note marked spontaneous activity in (iii), which is characteristic of 
this depth, and that there are no corresponding impulses in the ventral nerve cord. 

The intraocular spikes were more numerous, of lesser recorded amplitude, 
and more scattered than those in the ventral nerve cord. There was no one- 
to-one correspondence, and the first intraocular spike commonly preceded 
the first spike in the nerve cord. The spontaneous intraocular spikes were not 
always accompanied by nerve cord spikes (Fig. 8 (iii)). Since it is intended 
to investigate the neurological connexions involved in the visual pathway by 
more precise methods, the approximate time relations between intraocular 
and ventral nerve cord events observed so far will not be quoted here. 
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Comparison of the acuity of movement perception using the ventral nerve cord 
and the optic lobe responses 

Since we now had in the intraocular spike phenomenon a neurological 
response to visual stimulation closer to the source than that afforded by the 
ventral nerve cord on which we have previously reported, it was of interest 
to attempt to measure the threshold sensitivity to movement stimulation, 
using the intraocular spikes as indicators of a visual movement response. It 
was expected that the sensitivity should be better than for the ventral nerve 
cord, in which some degree of convergence and integration of the visual 
impulses might be expected to have occurred. 

A comparison was made of the visual sensitivity in Locusta, using (a) the 
nerve impulses in the ventral nerve cord led off between the 2nd and 3rd 
thoracic ganglia, and (b) the impulses detected in the optic lobe with the 
intraocular electrode. The stimulus used was the movement of a small 
tungsten-filament bulb on a pivoted arm, and sets of ten trials with 10 sec 
intervals between each trial were made (Burtt & Catton, 1954a). The intra- 
ocular electrode was inserted until the point of maximum loudness of move- 
ment spike response was reached. A test carried out with the electrode at 
different depths confirmed the expectation that the point where the move- 
ment spikes were loudest was also that where the highest number of responses 
was obtained in ten trials, at a threshold movement of the bulb. Movements 
of angular extent ranging from 0-85 to 0-1° were used, scaling down by stages 
of 0-1°. In order to guard against the effects of possible deterioration of the 
sensitivity of the preparation, readings were taken as quickly as possible, and 
the tests were made at the three values of 0-8°, 0-5° and 0-2°. If, as commonly 
happened, the nerve cord gave 10/10 responses for 0-8°, 0/10 for 0-2° and an 
intermediate figure for 0-5°, then further subdivisions of the extent of the 
movement were not used, but we passed at once to establish threshold responses 
from the intraocular electrode. Two sets of ten movements were made on all 
occasions where values other than 10/10 or 0/10 had been obtained. The com- 
parison was made in nine locusts and gave the following figures for the 
smallest angular movement giving five or more responses out of ten (Table1). 


TaB_x 1, Threshold angles of movement stimulation for responses in the nerve cord and in 


the optic lobe of locusts 
Thoracic nerve cord (°) 0-5 0-5 0-5 0-5 0-5 0-4 0-3 0-2 0-2 
Optic lobe (°) O02 O2 04 08 02 


Thus, in six cases the optic ganglion was more sensitive, and in three cases 
it was as sensitive as the ventral nerve cord, but in none of the nine insect= 
was it less so. Further, the greatest sensitivity of all was recorded via the 
optic lobe, with a responsé of 5/10 for a movement of 0-1°. The sensitivity of 
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the two sites of recording can also be compared by finding the total number 
) of responses for movements of the same extent in each. Thus, it is seen 
(Table 2) that for the smaller movements, the response of the optic lobe is 
better maintained than that of the nerve cord. The value for the optic lobe 
response at 0-2° (57/90) is comparable to that of the ventral nerve cord at 
0-5° (61/90). 


TaBLe 2. Frequency of occurrence of movement responses in nerve cord and optic lobe, 
for different angular movements, in the locust 


@ Angular movement (°) 0-8 0-5 0-2 
+ ee (90 trials) 83 61 22 
Optic lobe (90 trials) 89 85 57 


A few measurements of sensitivity to movement, using the same method, 
were made on Chortippus, but the values were obtained in different specimens 
in these experiments. The lowest intraocular threshold was 0-2° and the 
lowest for ventral nerve cord 0-8°. In Aeshna only a weak response was 
obtained from the nerve cord, while a significant response was obtained to a 
movement of 0-2°, using the deeper active spike layer. 

Results for species other than locust. These are discussed in more detail in 
the next section, but in general it may be said that regions of reversal of 
sign of the illumination potential and of localized spike responses were found 
in the grasshopper, dragonfly larva, and blowfly. 

Correlation of the electrical responses with the anatomical structure. In the 
sections of the compound eye and optic lobe prepared subsequent to the 
experiment it was usually not possible to identify the electrode track. A few 
| attempts were made to produce localized silver deposits at the electrode tip 
at selected sites, using electrochemical methods, but without success. Thus 
the position of the tip was estimated by dead reckoning, knowing the point 
of insertion, the angle of insertion (protractor scale) and the depth of pene- 
tration. Thick sections (100) were cut in the horizontal plane. Measure- 
ments were made in that section in which the pilot hole in the chitinous 
| cornea could be seen, thus determining the horizontal plane of the electrode. 
The outline of the eye and the positions of the neuronal masses in the optic 
lobe were sketched by camera lucida on squared paper, to a scale of 2 in. to 
1mm. From the experimental data four points were plotted for each experi- 
ment, one for the position of reversal of sign of the illumination potential, 
one for the position of the first maximum of action potential spikes, one for 
} maximum spontaneous activity and one for the deeper spike maximum when 
this was observed. In a few experiments pilot holes in the cornea were made 
at points other than central, and similar responses were generally obtained, 
excepting in the most edgewise insertions, when the deep synaptic layers would 
be ‘missed’ entirely, and spike activity was then not recorded. Similarly, for 
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widely divergent angles of entry the deep synaptic layers might be missed by 
the electrode tip. The two factors, position of insertion on the cornea and 
angle of insertion had to be carefully controlled, more especially in Aeshna 
larva and Calliphora in which the optic lobe (Fig. 9C, D) is relatively long 
and narrow and not well anchored by the surrounding tissues, as compared 
with Locusta and Chortippus, in which the optic lobe is more compact and 
less mobile. 
Results for individual species 

Locusta. From Fig. 9A we put forward tentatively the following correla- 
tions. The region of reversal of the illumination potentials seems to coincide 
with the more superficial part of the first synaptic layer (the retina inter- 


Fig. 9. Horizontal sections of compound eyes and optic lobes at comparable levels with the 
positions of the responses shown. A, Locusta; B, Chortippus; C, Aeshna; D, Calliphora. 
O, first spike maximum; ©, second spike maximum; x, first reversal; +, second reversa! 
found in Chortippus; ©, spontaneous maximum; I, II, III, Ist, 2nd and 3rd synaptic 
regions, Synaptic and fibrillar regions of optic lobe plain, regions of neurone somata stippled. 
In Chortippus the positions of the responses are all referred to the one line of entry shown 
by the line (Z). In the other cases the points are plotted from various lines of entry. 
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mediaria of Cajal). More tentatively, we suggest that the first spike maximum 
corresponds to the deeper part of the second synaptic region, the spontaneous 
maximum with the neuronal mass lying between the second and third syn- 
aptic regions, and the second spike maximum with the third synaptic region. 

Chortyppus. Fig. 9B shows that the eye and optic lobe are very similar to 
Locusta in form and in the disposition of the three synaptic regions. This 
similarity in general bodily structure and function is expressed by their both 
being placed in the family Acridiidae of the order Orthoptera. The positions 
for the first point of reversal (x) the first spike maximum (0), and spon- 
taneous maximum occur in a comparable situation to those in Locusta, pro- 
vided always that allowance is made for Chortippus being half the size. The 
insect is, however, rather too small for accurate correlations to be made 
between the structure and the responses. One phenomenon not found in 
Locusta was observed in four of the five specimens of Chortippus examined, 
namely a second reversal at a deeper level than the first. The first reversal 
showed a rough indication of a relationship to the first synaptic region, and 
the second with the second synaptic region. 

Aeshna larva. This insect (Fig. 9C) was particularly interesting because 
not only is the scale different from that of Locusta, being larger in the ratio 
5:3, but the form and disposition of the synaptic layers show marked 
differences. The chief are that the whole optic lobe is more elongated as seen 
in horizontal section, and the distance between the eye itself and the optic 
lobe is much greater, the post-retinal fibres being elongated. Nevertheless, 
there is a clear indication that the first reversal occurs in the first synaptic 
layer. The points for spike maxima lay deeper, embracing the region of the 
2nd and 3rd synaptic layers. A double spike maximum separated by a region 
of attenuation was found in two of the four insects examined. It is not 
possible, on the evidence available, to relate these maxima to any definite 
structure. It should be said that the more elongated loosely attached optic 
lobe of Aeshna is more flexible than that of Locusta, and this is probably the 
explanation of the greater scatter of the points in Fig. 9C. 

Calliphora. Fig. 9D shows an eye and optic lobe of yet another pattern, 
different from any of those so far considered. The eye and optic lobe of this 
insect is even softer and more flexible than in Aeshna, and this doubtless 
explains an even greater scatter of points. One can say with certainty that 
reversal is succeeded by spike maxima in all cases, and that in three sets of 
observations a double spike maximum was found. With reservation, it can 
further be said that the reversals centre around the first, and the spike 
maxima around the 2nd and 3rd synaptic regions, but the fact that a reading 
for a spike maximum is recorded quite beyond the optic lobe itself suggests 
so much stretching and distortion by the electrode, that it is impossible to 
relate structure and response more closely. 
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From the results in these four insects we can draw the following conclusions: 
The successive phenomena which were found when a microelectrode pene- 
trated the locust’s eye occur in all the other three insects. Further they occur 
in the same order, and their distance apart is related to the size and anato- 
mical arrangement of the optic lobe. In Locusta and Aeshna, the first reversal 
is related to the first synaptic layer, while the same is probably true of Chor- 
tippus and Calliphora. That the spikes are related to the 2nd and 3rd synaptic 
regions is definite in Locusta, Aeshna and Chortippus, and probably also the 
case in Calliphora. } 

It would be premature to generalize from the above to all other insects, 
but these four species represent three main types of winged insect; i.e. Aeshna 
is a survivor of the Palaeoptera, while Locusta and Chortippus represent the 
exopterygote branch, and Calliphorathe endopterygote branch, of the Neoptera. 
This constancy of electrical response in the insect eye corresponds to its 
basic structural similarity throughout the class. 


Effects of removal of the 2nd and 3rd synaptic regions 

A number of operations were performed in which the aim was to remove a 
portion of the optic lobe. It was not possible to remove an exactly pre- 
determined region, but varying amounts of the optic lobe were removed and 
the results were then checked anatomically. The procedure was: 

(a) To cut a window in the front of the head and expose the protocerebral 
ganglia and optic lobe. 

(b) To record from the intact insect’s eye in the usual way with the electrode 
traversing it to different depths. This was done to ensure that the preparation 
gave the normal responses. 

_ (c) To transect the lobe at various levels and remove the region adjacent 
to the protocerebrum. This left an intact eye joined to various amounts of 
the Ist, 2nd and 3rd synaptic regions. The electrode was again inserted and 
the behaviour of the preparation noted. 

(d) The preparation was fixed, and frozen sections were cut and stained as 
above. 

The synaptic regions are so placed that an approach from the front provides 
a fair chance of transecting between the Ist and 2nd, or 2nd and 3rd regions. 
We did not succeed in separating the 1st synaptic region from the ommatidia 
themselves (i.e. severing the short post-retinal fibres). 

Table 3 summarizes the results of eleven operations. When the experiments 
are arranged in order of amount of lobe remaining, it is clear that injury to 
the brain, or connexion of the optic lobe to the brain, has no detectable effect, 
apart of course from eliminating the responses from the opposite eye (see 
below). Thus the optic lobe seems to respond as a functional whole as far as 
the effects dealt with in the present paper are concerned. The results of 
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removal of portions of the 2nd and 3rd regions suggest the following tentative 
conclusions: 

(i) The phenomenon of reversal still remains as far as the transection was 
carried, i.e, up to the 1st synaptic region. 

(ii) On and off spikes occur, provided there is a complete 2nd synaptic 
region, and even with a portion of one, but in the latter case the results were 
abnormal, i.e. there were off spikes only, or spikes appearing continuously on 
illumination of the eye. 

(iii) The presence of movement spikes requires both the 2nd and a 
part of the 3rd region to be intact, and the same applies to spontaneous 
spikes. | 


TaBLE 3. The effects of operative removal of parts of the optic lobe on the 
_ responses of the locust eye 


Results of operation: eye plus 


Ist, 2nd 
and 3rd 
Ist and (no con- 
syna st and nexion to . 
Phenomenon region 2nd 2nd otk *brain’) 
Reversal of illumination 
potential + +-++ + +++ + + 
On-off spikes - -+-+ + +++ ++ 
Movement spikes 
(1st spike maximum) ~ ---- - --+ ++ 
Spontaneous spikes - ++ 


Responses from the contralateral eye 


It was observed in many experiments that spike responses were obtained 
from the electrode in one eye when stimuli were given to the opposite eye. 
This phenomenon was not examined in detail, but the following comments 
are relevant. In a concomitant microanatomical study of the locust brain 
and optic lobes, crossing tracts of fibres have been identified (Satija, un- 
published). Also, when the short stalk connecting the optic lobe with the 
‘brain’ is severed, these contralateral responses are abolished. The func- 
tional significance of these crossed responses is obscure, but it is interesting 
to recall the fibres in the vertebrate eye which run from one retina to the 
other, and for which the function is also unknown. 


The rhythmic discharges 

Rhythmic sinusoidal discharges were observed in a few locust preparations, 
and usually appeared spontaneously (Fig. 5a). Spike discharges in the optic 
lobe and ventral nerve cord were discharged at the negative crests. In one 
experiment (Fig. 5) a high frequency rhythm (‘bright rhythm’ of Adrian‘) 
developed at ‘light on’, abolishing the previous slow rhythm (dark rhythm‘). 
6 PHYSIO. CXXXIII 
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If these rhythms are to be regarded as due to pathological change (Adrian, 
1937), their relatively rare occurrence in our experiments may be accounted 
for by the minimal trauma inflicted by the present technique as compared 
with the more extensive dissections used by earlier workers. 


1 sec 
Fig. 10 Fig. 11 
Fig. 10. Horizontal sections of A, frontal; and B, lateral ocellus. 6, branches of ocellar nerve 


fibres; r, retinula cells; Sy, synaptic region; x, line showing depth over which response was 
obtained. 


Fig. 11. Ocellar potentials recorded by intraocellar electrode. (a) Frontal ocellus, on and off 
responses. (b) Left lateral ocellus, on and off responses. (c) Frontal ocellus, rapid repetitive 
stimulation, by passing three fingers of the hand through the light beam. Regular sinu- 
soidal base-line due to 50 c/s pick-up. 


Intraocellar potentials | 
In a few experiments the microelectrode was inserted into either the 
frontal ocellus or one of the lateral ocelli, in order to compare the responses 
in such a simple eye with those found in the much more complex compound 
eye. The maximum depth of the ocellus (Fig. 10) measured from the surface 
is about 0-5 mm. As soon as the electrode penetrated the corneal surface 
small on- and off-wave responses were recorded in response to strong illumina- 
tion of the ocellus (Fig. lla, 6) and the off-wave was often accompanied by 
a single spike. On rapid repetitive stimulation, separate on- and off-waves 
could not be distinguished (Fig. 11c) and the discharges appeared to consist 
of off-waves and spikes only. No reversal effect with deeper penetration was 
observed. The on-waves were not accompanied by spikes in the intraocellar 
record, and neither were ocellar spike discharges for ‘on’ recorded in the 
ventral nerve cord, but ‘off’ responses were always found in the cord. 
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DISCUSSION 


The experiments described appear to be the first in which insulated micro- 
electrodes of the order of size of 10 have been used in the insect eye and 
optic lobes, with a view to obtaining information about activity in localized 
regions. The results thus differ in certain respects from those obtained by 
previous workers seeking to analyse the neurological behaviour of these 
organs. Autrum (1950) and Autrum & Gallwitz (1951), have made a thorough 
study of the illumination potential in the eyes of a number of insects, includ- 
ing Calliphora. They used the isolated head supported on a fixed silver wire, 
acting also as the indifferent electrode, with a second electrode inserted 
superficially into the eye as the intraocular electrode. This electrode consisted 
of silver wire of original diameter 0-5 mm, with sharpened tip, and the depth 
of penetration was 0-1—0-2 mm. The potential changes were amplified by a 
d.c. amplifier and recorded on a cathode-ray oscillograph. The preparation 
was kept in a light-proof metal box, which served also as a moist chamber 
and an electrical shield. Their records from Calliphora show the on-wave as 
positive (“cornea with respect to the bases of the ommatidia’), which would 
correspond to a negative wave with our convention (i.e. potential of intra- 
ocular electrode with respect to indifferent electrode). They did not detect 
the reversal of sign with increasing depth and possibly with a thicker, non- 
insulated electrode this would not be clearly seen. In the same way they did 
not record any spike activity. Our results for the illumination potential are 
generally in agreement with the above, except that the recorded amplitude 
of the waves was somewhat less; this may be attributable to the use of a much 
finer electrode. In an early experiment on Locusta, using a relatively coarse 
electrode of about 180, diameter, we obtained a large response (on-wave of 
about 1 mV amplitude, Fig. 6a) comparable to those obtained by Autrum. 
Using the standard 10, electrode the on-wave amplitude was usually about 
250 nV, and the plateau effect seen in the early locust experiment is not so 
well seen in experiments using the fine electrode (e.g. Figs. 66, 7). 

The origin of the reversal phenomenon we supposed might possibly be 
related to the existence of a layer of neurones with their axons or dendrites 
running parallel, and perpendicular to the surface of the cornea. Cragg & 
Hamlyn (1955), recording action potentials from the pyramidal neurones in 
the hippocampus of the rabbit by means of a search microelectrode, found a 
reversal of sign of slow-wave activity as the electrode was progressively 
inserted. This reversal occurred in the region of the parallel-running inwardly- 
directed axons of the neurones. They applied repetitive electrical stimulation 
via a needle electrode whose tip was implanted deeper than the recording 
site. The pyramidal neurones of the rabbit’s hippocampus form a well-defined 
layer, with profusely branching dendrites directed towards the ery and 
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axons running parallel and away from the surface. We have not identified 


such a layer of neurones in our own preparations, which were not cut in a 
suitable way for this purpose. On referring to the work of Cajal on the histo- 
logy of the insect optic lobe, however, there is clear evidence presented of the 
existence of a layer of neurones, situated in the first synaptic region, which 
possess a comparable morphological character (Cajal & Sanchez, 1915). These 
neurones (the ‘giant monopolar’ cells of Cajal) form a very clearly defined 
layer; they have few dendrites, but prominent axons which run parallel for 


Fig. 12. (A) Retina intermediaria (first synaptic region) of an orthopteran. a, 6, giant mono- 
‘polar cells; c, d, small monopolars; f, centrifugal fibres. (B) Various types of large and 
small monopolar cells in the retina intermediaria (first synaptic region) of Calliphora. a, b, 
giant monopolars; c, the same associated with two small monopolars; d, small monopolar 
with few dendrites; e, f, monopolars with somatic dendrites; i, centrifugal fibres; 1, m, long 
post-retinal fibres. (From Cajal.) 


the first part of their courses and are directed perpendicularly inwards. These 
giant monopolar cells of the first synaptic layer appear to be a feature of the 
optic lobes of many, if not all insects; they are found in the order Orthoptera 
(which includes Locusta and Chortippus), and in Calliphora, as shown in 
Fig. 12A and B. It seems possible that, since this cell layer corresponds 
closely in situation to the region of reversal of sign of the illumination 
potential in our experiments, it is in fact the source or ‘generator zone’ 
of the greater part of the illumination potential. There is a considerable 
difference in morphological scale, the rabbit neurones being much larger in 
overall extent (500) than those in the optic lobe of the insect (about 100 
in extent). Correspondingly, our reversal occurred over a much narrower 
zone (about 50.) than in Cragg & Hamlyn’s experiments (250). 

The hypothesis that the origin of the illumination potential is localized to 
the first synaptic region, and probably to the layer of giant monopolar cells, 
is supported by the evidence from our transection experiments, in which the 
illumination potential persisted after severance of the second and third 
synaptic regions. Further, the reversal of sign still occurred when only the 
first of these regions remained. 
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Autrum & Gallwitz (1951) investigated the effect of removal of parts of 
the optic lobe in Calliphora. After removal of all but the first synaptic layer, 
it was found in general that the illumination potential could still be recorded, 
although it now had a form different from the normal. Owing to uncertain- 
ties as to the amounts of tissue removed, the results showed a range of varia- 
tion, but im general there was a tendency for a prolonged negative plateau 
to develop, on which the off-wave was superimposed. The more complete the 
extirpation the more marked was the negative plateau. In the few prepara- 
tions in which the whole of the optic lobe, including the first synaptic region, 
was successfully severed from the ‘retina’, equivalent to a severance of the 
post-retinal fibres, the response was a pure negative plateau, with no on- or 
off-waves. Autrum & Gallwitz regarded this negative plateau as the pure 
response of the isolated retina. We have not observed such a phenomenon 
in Locusta, not having succeeded in isolating the retina in this way. The 
plateau region seen in our record (Fig. 6a) is positive in the superficial posi- 
tion of the electrode, which we presume to correspond with the site from 
which Autrum & Gallwitz recorded. 

Autrum & Gallwitz, from their studies on Calliphora and Aeshna, reached 
quite a different conclusion as to the origin of the illumination potential. 
They regarded the potential as divisible into two components, a purely 
negative one derived from the retina, and a positive one derived from the 
optic lobe. The retinal component acted as the ‘generator potential’ for the 
positive potential from the lobe. The combination of the two gave rise to 
the illumination potential, as recorded superficially. Certainly the evidence 
from the vertebrate retina indicates that the electroretinogram (to which the 
illumination potential of the insect eye may possibly be compared) is of com- 
plex origin, there being probably three or more components (Granit, 1947). 
Nevertheless, the phenomenon of reversal of sign of the illumination poten- 
tial, critically localized in our experiments to the first synaptic region, 
suggests a simpler interpretation in the case of the insect eye. 

The occurrence of a second region of reversal in our experiments (seen — 
only in a few specimens of grasshopper), we are not at present able to 
explain. 

Wave and spike potentials have been recorded from the eye of the water- 
beetle (Dytiscus) by Bernhard (1942). He used an isolated head preparation 
with an exposure of the optic lobes and protocerebral ganglia, and moist 
thread extensions from Ag—AgCl electrodes were used to make contact with 
the tissue. The indifferent electrode was placed on the cornea and the search 
electrode on various parts of the optic lobe. With the search electrode on the 
optic lobe brief exposures to the light from a 100 W lamp were made. At 
‘light on’ a brief negative wave occurred, followed by a negative plateau 
persisting for the duration of the exposure (d.c. amplification). Superimposed 
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on this plateau were small oscillations and spike potentials. At ‘light off’ 
a brief negative wave occurred, during which the spike potentials disappeared, 
and the mean recorded potential then fell sharply back to the base-line. When 
the optic lobe was transected at its connexion with the ‘retina’, and the 
search electrode was placed in contact with the back of the eye, a clean nega- 
tive plateau was recorded during exposure to light. Bernhard concluded that 
the negative plateau recorded by the ganglion lead was simply electrical 
spread from a source in the ‘retina’. When 4°, cocaine was applied to the 
optic lobe in the intact preparation the oscillations and spikes both dis- 
appeared leaving a smooth negative plateau. The persistence of the negative 
plateau after transection of the optic lobe and after treatment with cocaine 
in these experiments corresponds with the findings of Autrum & Gallwitz on 
Calliphora eye, and certainly suggests that such a potential change may 
originate in the ‘retina’. In our experiments using the microelectrode, how- 
ever, the plateau region between the on- and off-waves underwent reversal 
of sign together with the waves, suggesting that both have a common origin, 
in the first synaptic layer. 

Ruck & Jahn (1954) investigated the illumination potentials in the eye of 
Ingia (an isopod crustacean), the optic lobes of which have an anatomical 
pattern similar to those of Locusta. They found negative on-wave and positive 
off-wave responses to short-duration high-intensity light stimuli. Their pre- 
paration involved an extensive exposure of the ganglia within the head, and 
surface electrodes of small tip size were used. One electrode (the indifferent) 
was placed on the corneal surface of an eye which was occluded; the other, 
a search electrode, was placed on various regions of the inside surface of the 
other eye and on the optic lobe surface. They found that the illumination 
potentials became inverted when the search electrode was moved from the 
inner surface of the unoccluded eye on to the adjacent part of the optic lobe. 
This phenomenon at first sight seems closely comparable to the inversion 
found by us in the locust eye. On the other hand, the illumination potential 
- remained unchanged when the complete optic lobe was removed, suggesting 
that in Ligia this potential is generated largely or entirely in the photo- 
receptor cells themselves. This conclusion is opposed to the findings of Autrum 
& Gallwitz (1951) and to those reported in this paper. In view of the technical 
difficulty of cleanly separating the first synaptic layer from the bases of the 
ommatidia, as encountered in our experiments, we feel that some doubt may 
yet exist on the question of the precise locus of origin of the illumination 
potential in Ligia. It certainly appears to originate close to the photoreceptor 
layer. It is interesting to find that recent work on the vertebrate retina, 
using insulated microelectrodes giving sharply localized responses (e.g. Tomita 
& Funaishi, 1952; Ottoson & Svaetichin, 1953) points to the conclusion that 
in certain vertebrate eyes the e.r.g. may indeed be largely generated in the 
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photoreceptor layer. This conclusion is in marked contradiction to earlier 
hypotheses as postulated for example by Granit (1947). 

Previous workers have recorded rhythmical wave activity, of a nature 
similar to that reported above, in the optic lobes of insects. Adrian (1937) 
recorded dark and light rhythms from the optic lobe of Dytiscus. The dark 
thythm became established after a period of keeping the eye in darkness; it 
was readily inhibited by faint light. When strong light was used the dark 
rhythm was abolished and replaced by a bright rhythm (ef. Fig. 5). Adrian 
ascribed these rhythms to synchronized activity in large numbers of neurones. 
The dark rhythm could be elicited by physical injury to the ganglion. Adrian 
recorded spike discharges coincident with the negative crests of the waves, 
as shown in our Fig. 5a. Crescitelli & Jahn (1942) detected similar rhythms 
in the eye of the grasshopper. Our results agree in general with those of 
previous workers. 

Hoyle (1955) investigated the potentials in the ocellar nerve of the locust 
in response to illumination. He found that impulses were discharged for light 
on, light off and during dark exposure. The on and off discharges were very 
brief, the on-response consisting of a single action potential. In contrast, we 
have never detected a spike response to ‘on’, but only a brief off-discharge, 
consisting of a single spike from the ocellus and a short train of spikes in the 
ventral nerve cord. Hoyle found both on and off ocellar discharges in the 
circum-oesophageal commissures. 


SUMMARY 


1. Fine insulated microelectrodes of exposed tip diameter 10 have been 
used to record potentials in response to visual stimulation in the compound 
eyes and optic lobes of four species of insect: a locust (Locusta migratoria 
migratorioides L..), a grasshopper (Chortippus brunneus Thunb.), a dragonfly 
larva (Aeshna sp.), and a blowfly (Calliphara vomitoria L.). 

2. Three kinds of observed activity are reported: (a) slow wave activity 
when light is switched on or off (=‘illumination potentials’), (b) action 
potential spike discharges in response to movement and light on or off, and 
(c) rhythmical sinusoidal wave activity. 

3. The on and off wave responses of the illumination potential are of oppo- 
site sign at all depths, and undergo a sharp reversal of sign at a particular 
depth, corresponding to the superficial part of the first synaptic region of the 
optic lobe. In this region Cajal described a zone of giant monopolar cells, 
Evidence is presented to support the view that this layer of cells is the source 
of a major part of the illumination potential. 

4. The action potential spike discharges were also found to be localized in 
origin, arising in the deeper part of the second synaptic region, and in some 
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cases also from the third synaptic region of the optic lobe. The sensitivity to 
movement stimuli, measured as the smallest movement of a test object to 
elicit a response from the optic lobe, was found to be superior to that deter- 
mined by similar measurements performed on the ventral nerve cord responses 
of the same insect. The spike discharges in the ventral nerve cord show no 
one-to-one correlation with the intraocular spikes, are fewer in number, and 
of larger amplitude. 

5. Rhythmical sinusoidal waves, similar to the dark and bright rhythms 
reported by other workers, were observed in some preparations. 

6. The ocelli produce simple illumination potentials and discharge single 
spikes in response to light-off stimulation. 

7. The intraocular microelectrode provides a more critical method of 
analysis than do earlier techniques of investigation of the insect optic lobe. 
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In the intact animal both hypo- and hyperthyroidism produce characteristic 
changes in the skeleton which have been observed both clinically and under 
experimental conditions; this work has been briefly considered in our previous 
paper (Fell & Mellanby, 1955). The experiments of Kaltenbach (1953) have 
shown that in amphibian embryos thyroxine can affect the developing limb- 
skeleton directly, since the implantation into one limb-rudiment of pellets 
containing thyroxine caused the bones to grow and ossify more rapidly than 
in the corresponding untreated limb of the same individual. It seemed likely 
that if the action of t-thyroxine on the skeletal tissues of warm-blooded 
animals were direct, then isolated bone rudiments in culture would be affected 
by thyroid active principles; as described in a previous publication (Fell & 
Mellanby, 1955) this proved to be true. 

The object of the present work was to study the effect of triiodothyronine 
(TIT) on bone rudiments cultivated in vitro, and to compare the action and 
potency of this hormone with those of thyroxine (T). TIT was discovered by 
Gross & Leblond (1951), and was identified in human plasma (1952) and 
synthesized (1953a) by Gross & Pitt-Rivers; in animal experiments it has 
usually proved by different criteria to be much more potent than thyroxine. 
Its antigoitrogenic action on rats treated with thiouracil is several times as 
great as that of T (Gross & Pitt-Rivers, 19536; Heming & Holtkamp, 1953; 
Tomich & Woollett, 1954). In thyroidectomized rats its calorigenic effect is 
not less than 3-5 times that of T (Heming & Holtkamp, 1953), and in main- 
taining the growth-rate of such animals it is about 5 times as active (Gross & 
Pitt-Rivers, 19536). The potency of TIT is 3-7-7-5 times that of T in increasing 


* Foulerton Research Fellow, Royal Society. 
+ Sir Edward Mellanby died before this paper was written, but he left notes on certain aspects 
of the work and some of these have been included. H. B. F. 
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the oxygen consumption of normal rats (Tomich & Woollett, 1954) and about 
4-5 (Tomich & Woollett, 1954) or 5-10 times (Anderson, 1954) that of T in 
producing anoxia in mice. In normal human subjects, TIT is about 10 times 
as active as T in depressing the uptake of radioactive iodine by the thyroid 
(Starr & Liebhold-Shoeck, 1953), and 5-10 times as effective in suppressing 
the release of radioactive iodine from the thyroid of rats (Anderson, 1954). 
In accelerating amphibian metamorphosis, TIT is 8 times as active as T for 
tadpoles of Rana cateshiana (Bruice, Winzler & Kharasch, 1954), and 3-8 times 
for those of Rana clamitans (Shellabarger & Godwin, 1954). 

That TIT is an effective therapeutic agent in cases of human myxoedema 
was first shown by Gross, Pitt-Rivers & Trotter (1952). Asper, Selenkow & 
Plamodon (1953) found that the maximal rise in oxygen consumption in 
myxoedematous patients treated with TIT was 5-10 times that induced by 
an equimolar amount of T. Rawson, Rall, Pearson, Robbins, Poppell & West 
(1953) recorded that a single dose of TIT given to such a patient had a more 
rapid but also a more short-lived effect than the same quantity of T. Giving 
daily doses, Lerman (1953) found TIT to be 4-5 times as active as T in the 
treatment of myxoedema. 

Although in general TIT has been found to be several times more potent 
- than T, there are exceptions to this. Heming & Holtkamp (1953) found that 
the calorigenic effects of TIT and T in intact, as opposed to thyroidectomized, 
rats were the same. Recently Brown-Grant (1955) compared the relative 
abilities of T and TIT to suppress the secretion of the pituitary thyrotrophic 
hormone in the rabbit and found a ratio of only 1: 1-9 (weight for weight) for 
the relative potency of T: TIT. 

- The results described in the present paper show that in the same concentra- 
tion, TIT has a much more drastic action than T on skeletal rudiments grown 
in culture, though satus the — a the two substances appears to be 
the same. 


MATERIALS AND METHODS 


Material. The cartilaginous rudiments of the femur, tibia, humerus, ulna and radius were removed 
from 6- to 7-day-old chick embryos. As in our previous study (Fell & Mellanby, 1955) the chicks 
were divided into groups designated 2, 3, 4 according to the stage of differentiation attained by the 
limb-bone rudiments, since embryos of the same age differ considerably in their degree of develop- 
ment. In group 3 the rudiments consisted of very young cartilage with little matrix and no 
chondroblastic hypertrophy in the shafts; in most of the chicks the articular surfaces had already 
developed, but in a few embryos which really belonged to group 2 the position of the joints was 
only faintly indicated. In group 4, the characteristic zones of the cartilaginous long-bones, viz. 
small-celled epiphyses, proliferative zones of flattened cells and mid-diaphysial region of hyper- 
trophic cells, had begun to differentiate, the matrix was fairly plentiful and the joints were 
distinct. 

Methods. The rudiments were grown in a mixture of 3 parts of fowl plasma and 1 part of embryo 
extract. The extract was made from 13- to 14-day-old embryos with Tyrode solution containing 
1% glucose, so that the final clot contained about 0-25 % glucose. The explants were transplanted 


t 
a 
* 
= 
> 
x 


ut 


TRIIODOTHYRONINE ON EXPLANTED BONE RUDIMENTS 91 


at 2-day intervals and the experiments were terminated after 8 days’ growth, Further details of 
the culture method are given in previous publications (Fell & Mellanby, 1952, 1955). 

The L-triiodothyronine and L-thyroxine were dissolved in 0-1% Na,CO, and added to the 
plasma in the amounts required, the same quantity of Na,CO, without the hormone being intro- 
duced into the control medium (C). To prepare the medium most commonly used, 1 mg TIT was 
dissolved in 32 ml. of a 0-1 % solution of Na,CO,; 0-03 ml. of this solution was diluted with 4-5 ml. 
plasma, giving @ concentration of 20-8 ug TIT in 100 ml. plasma. After 1 part of embryo extract 
had been added to 3 parts of plasma, the final medium contained about 15-6 ug/100 ml. of added 
TIT; unless otherwise stated, this was the concentration used in the following experiments and 
was the same as that of T in the medium designated X, in our previous paper (Fell & Mellanby, 
1955). Thyroxine was introduced into the plasma in the same way. 

In some experiments the explants were drawn at 2-day intervals with the aid of a camera 
lucida and their lengths were measured in the manner previously described (Fell & Mellanby, 
1955); in other experiments the rudiments were measured directly by means of a micrometer 


For histological study, explants were fixed in 3% acetic Zenker’s solution for 30-45 min, 
embedded in paraffin wax and serially sectioned; the blocks were oriented on the microtome with 
great care, so that each series contained an approximately median longitudinal section. The 
sections were stained with Delafield’s haematoxylin, differentiated in 10% acetic alcohol, and 
after being washed for a few minutes in running tap water, were counterstained with chromotrop 
2R in absolute alcohol. 

In several experiments the length of the shaft from the borders of the two epiphyses, and that 
of the zone of hypertrophic cartilage, were measured in an approximately median longitudinal 
section of each explant; by subtracting the length of the hypertrophic zone from that of the 
diaphysis, the total length of the two zones of flattened cells was obtained (see Pl. 1). The lengths 
of the proliferative and hypertrophic regions in each explant in TIT medium were expressed as 
percentages of the corresponding figures for the rudiment in control medium (C) and the results 
are plotted in Text-fig. 4. Such measurements are inevitably very crude, but the figures obtained 
demonstrated certain gross differences between the rudiments. 


RESULTS 
The effects of u-triiodothyronine (TIT) on growth and development 

In these experiments, one of each pair of long-bone rudiments was explanted 
in control medium (C) and the other in medium (TIT) containing 15-6ug/ 
100 ml. of added hormone. Twenty pairs of explants from four embryos of 
group 3, and the same number from four chicks of group 4, were cultivated 
for 4 days, then fixed and sectioned. Forty pairs of rudiments from group 3 
(eight embryos) and twenty pairs from group 4 were cultivated for 8 days 
before fixation; in addition, another forty pairs from group 4 were measured 
at 2-day intervals for a period of 8 days, but were not histologically studied. 
As the rudiments of group 3 responded rather differently from those of group 4, 
the two series will be described separately. 

Rudiments of group 3.. Thée curves of the average growth (Text-figs. 1, 3) 
show that with the same dose of TIT there was little difference in the rate of 
growth of the femur, tibia and humerus during the first few days, but that 
the growth of all three was inhibited from the 6th day. In the radius and ulna 
growth was stimulated throughout the 8 days. 
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The serial camera lucida drawings of the explants demonstrated that in the 
femur, tibia and humerus the reduced growth-rate in TIT was due entirely to 
shortening of the diaphysis, and that in all five rudiments the epiphyses grew 
more rapidly in TIT than in C. In the femur, tibia and humerus the diminished 
diaphysial growth was often noticeable by the 4th day, but at this stage there 
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ments in control medium (C) and in medium + 15-6 wg TIT/100 ml. respectively; each graph 
represents twelve pairs of explants for 0, 2 and 4 days, and eight pairs for 6 and 8 days. The 
growth of the femur, tibia and, to a lesser degree, of the humerus has been diminished by 
TIT, but that of the radius and ulna has been accelerated. 
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Text-fig. 2. Group 4: graphs showing the average growth in length of the paired limb-bone rudi- 
ments, in control medium and in medium +15-6g TIT/100 ml. respectively; each graph 
represents sixteen pairs for 0, 2 and 4 days and twelve pairs for 6 and 8 days. There is a very 
marked depression ot the growth-rate in the femur and tibia, a similar but lesser diminution 
in that of the humerus and ulna, but no effect on the growth of the radius. 
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was no corresponding decrease in the total length of the rudiment owing to 
the accelerated growth of the epiphyses. 

There was some variation in the type of development displayed by the 
twelve pairs of ulnae and radii. Five pairs of ulnae and four pairs of radii 
formed a normal shaft and epiphyses in both media, but in two pairs of ulnae 
and two pairs of radii only the explant grown in TIT developed a recognizable 
shaft and epiphyses, while the corresponding rudiments in C failed altogether 
to differentiate and formed only a small oval nodule of cartilage. In three 
pairs of radii and two pairs of ulnae, both explants formed an undifferentiated 
nodule which was much larger in TIT than in C. 
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Text-fig. 3. Groups 3 and 4: graphs showing the average rates of growth of the explants in TIT 


(15-6 ug TIT/100 ml.) relative to that of the corresponding rudiments in control medium, 
The relative growth-rates of the femur, tibia and humerus are similar in both groups, but in 
the radius and ulna growth is considerably accelerated by TIT in group 3, but is unaffected 
(radius) or depressed (ulna) in group 4. 


Many of both the wing- and leg-rudiments grown in TIT differed from those 


in C, in the more abrupt transition between the shaft and the epiphyses; thus 


in the presence of TIT the epiphyses sometimes jutted sharply from the dia- _ 


physis, whereas in the controls the diaphysis expanded gradually to merge 
with the epiphyses. | 

All the explants were histologically examined. Sections showed that by the 
4th day the epiphyses of all the rudiments were more developed in TIT than 
in C, as indicated by the larger size of the chondroblasts and more plentiful 
matrix (Pl. 1, figs. 1, 2; Pl. 2, fig. 5); this accounted for the fact that in TIT 
as described above, the epiphyses enlarged more rapidly than in C. 

It will be seen from Text-fig. 4, that in the leg-bones fixed after 4 and 8 days’ 
cultivation respectively (Pl. I, figs. 1, 3), the length of the growing zones, 
except in one pair, was much less in TIT than in C; this was responsible for 
the abrupt transition between the epiphyses and the shaft which, as described 


4 
f 
130 Humerus Radius Uina 
= 
q 
idi- 
ph 
ery - 
ion q 


94 HONOR B. FELL AND E. MELLANBY 


above, was often seen in the living explants. The length of the hypertrophic 
zone was about the same in both media at the 4th day (Text-fig. 4; Pl. 1, 
fig. 1), but after 8 days it was less in TIT than in the controls except in two 
pairs of tibiae; the reduction in the hypertrophic region, however, was much 
less than in the proliferative cartilage. In the youngest hypertrophic cartilage, 
i.e. that immediately beneath the periosteum and adjoining the growing zones, 
cellular hypertrophy was more advanced in TIT than in C, but the cells were 


Group 3 comes 100 
Femur o 8 
S Humerus ° @ ° 
Radius 9° 00 
Femur of @ 8 a Se8ee 
@ Radius ° @ ee 
Group 4 100 
Femur co ° - 


zones in sections of each TIT-treated explant, expressed as percentages of the corresponding 
figures for the controls in normal medium. In both groups the proliferative zone is consider- 


ably shorter than in the controls, while except in the leg-bones of group 3, the hypertrophic 
zone is usually longer. 


separated by narrower partitions of matrix; a similar effect was produced by 
thyroxine (Fell & Mellanby, 1955). In some of the 8-day leg-bones in both 
media, there was a varying amount of degeneration in the middle segment of 
the shaft. In both TIT and C, a fairly thick layer of periosteal bone, often 
mixed with islets of cartilage, had usually been deposited on the surface of the 
diaphysial cartilage. 

In the wing-bones, as in the leg rudiments, the growing zones were shorter 
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in TIT than in C (Text-fig. 4; Pl. 1, fig. 2; Pl. 2, fig. 6) except in the three pairs 
of radii measured after 4 days and in one 8-day ulna. The hypertrophic zone 
of the wing-rudiments (Text-fig. 4; Pl. 1, fig. 2), unlike that of the leg-bones, 
was longer in TIT, except in one pair of 8-day humeri and two pairs of 8-day 
ulnae; the increased length of the hypertrophic region was particularly notice- 
able at the 4th day (Text-fig. 4). The mid-diaphysial degeneration seen in the 
leg-rudiments also appeared in the wing-bones, where it was more extensive 
and advanced in TIT than in C. 

As recorded above, the degree of anatomical development achieved by the 
ulnae and radii varied considerably and was associated with a similar variation 
in histological differentiation. Those explants in TIT or C, which formed a 
recognizable shaft and epiphyses, had the usual three zones of cartilage, but 
the oval nodular explants consisted only of small-celled cartilage (PI. 1, fig. 4). 
The explants grown in TIT were nearly always more advanced than their 
controls. | 

The following conclusions may be drawn from these histological findings. 
TIT accelerated the differentiation of both the epiphyses and the hypertrophic 
cartilage, but the stimulatory effect on the latter was considerably greater in 
the wing-bones, especially the radius, than in the leg-rudiments; the degenera- 
tion of the hypertrophic cells also was hastened in the wing-bones but very 
little, if at all, in the leg rudiments. The proliferative zones were much reduced 
in width; in the wing-bones, this seemed to be due mainly to the precocious 
hypertrophy of the cells since the length of the hypertrophic zone was 
increased, but in the leg-rudiments the hypertrophic zone also was shorter 


than in the controls, which suggested that in these bones there was a growth- 


inhibitory effect as well as an acceleration of hypertrophy. 

Rudiments of group 4. TIT drastically inhibited the growth of all the rudi- 
ments except the radius (Text-figs. 2, 3). The leg-bones were the most affected, 
and the average growth curves of the femur and tibia in TIT showed earlier 
and more severe depression than those of group 3. The effect on the humerus 
was less, but here also diminution of growth in TIT appeared earlier and was 
greater than in the humeri of group 3. There was a striking difference between 
the growth of the ulnae in groups 3 and 4; whereas the younger rudiments 
grew more rapidly in TIT throughout the culture period, the growth of the 
older ulnae was retarded in this medium. The radii of group 4 at first showed 
a slight acceleration of growth in TIT though much less than the radii of 
group 3, but by the 8th day the growth-curve had fallen below that of the 
controls in normal medium. 

The gross anatomical development of the explants in group 4 was similar 
to that already described for group 3. Histological examination of the explants 
showed that the response to TIT of the rudiments of group 4, in which hyper- 
trophy was already present at the time of explantation, differed in certain 
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respects from that of the younger explants in which hypertrophy had not yet 
appeared. In both groups the epiphysial cartilage was better developed and 
the growing zones were narrower in TIT than in C (Text-fig. 4; Pl. 2, fig. 7), 
but after 8 days the diminution of the growing zones was in general greater 
in group 4 than in group 3 (Text-fig. 4, cf. a and 6); in both groups, however, 
the reduction was least in the ulna and radius. In group 4, the hypertrophic 
zone was longer in TIT in most of the rudiments from both leg and wing, 
whereas in group 3 by the 8th day the hypertrophic zone in the femur and 
tibia was usually shorter in TIT than in C, but slightly longer in the 
wing-rudiments. 


The relative potency of trivodothyronine (TIT) and thyroxine (T) 

The relative potency of TIT and T in inhibiting the growth of explanted 
femora and tibiae was investigated by growing one of each pair of rudiments 
in medium containing a known concentration of TIT and the other in medium 
containing a known concentration of T. The lengths of the bones were 
measured at intervals of 2-3 days. For each comparison of doses 7-9 pairs of 
femora and the same number of tibiae, all of group 4, were used; their average 
growth-rate was obtained and was expressed as the ratio monk i FIT x 100, 
The effects of the following doses (j.g/100 ml.) were compared (see Text-fig. 5): 


(a) TIT, 3-9; T, 12-1 (femora, 7 pairs; tibiae, 7 pairs). 

(6) TIT, 3-9; T, 15-6 (Expt. 1, femora, 7 pairs; tibiae, 7 pairs; Expt. 2, 
femora, 9 pairs; tibiae, 9 pairs). 

(c) TIT, 3-9; T, 20-7 (femora, 7 pairs; tibia, 7 pairs). 

(d) TIT, 15-6; T, 15-6 (femora, 8 pairs; tibiae, 8 pairs). 

(e) Control experiment: both members of each pair were grown in normal 
medium (femora, 5 pairs; tibiae, 4 pairs). 


It will be seen from the curves in Text-fig. 5, that in the proportion of 3-1:1 
(curve A), T reduced growth less thamTIT, in a proportion of 5-3:1 (curve C) 
it reduced it more, and in a proportion of 4:1 (curves B), the effect of the two 
hormones was about the same. -So far as the method allows, therefore, it may 
be concluded that TIT is about 4 times as potent as T in its growth-inhibitory 
effect on the embryonic femur and tibia cultivated in vitro. 

Four pairs of femora and four pairs of tibiae from group 3 and four from 
group 4 were histologically examined after 8 days’ growth; one rudiment from 
each pair was cultivated in medium containing 15-6 g/100 ml. of TIT and the 
other in medium to which the same quantity of T had been added. The 
proliferative zones were narrower in rudiments grown in TIT than in those 
grown in T and there was considerably more cell degeneration in the hyper- 
trophic zone, but otherwise there was little difference in histological structure. 
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thyroxine medium 100 


Bone length in 
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Text-fig. 5. Graphs showing the average rates of growth of the femur and tibia on medium 
containing various concentrations of TIT, relative to that of the corresponding rudiments on 
medium containing different amounts of T. Concentrations in yg/100 ml. Curve A: T, 12-1; 
TIT, 3-9. Curve B (two experiments): T, 15-6; TIT, 3-9. Curve C: T, 20-7; TIT, 3-9. Curve D: 


_ Length of right rudiment 
T, 15-6; TIT: 15-6. Curve E: control: i h of left : x 100; both grown in normal 


medium. In a proportion of 3-1:1 (curves A), T reduced growth less than TIT, in a proportion 
of 5-3: 1 (curves C) it reduced it more, and in a proportion of 4:1 (curves B) the effect of the 
two hormones was about the same. 


DISCUSSION 


When the effect of TIT on the bone rudiments is compared with that of T (Fell 
& Mellanby, 1955), no qualitative histological difference can be detected, but 
quantitative studies on the relative growth-rates show that TIT is about 
4 times as effective as T;.a similar relative potency of these two substances 
has been found in many experiments in vivo (see above). 

The fundamental action of both TIT and T, in the concentrations used in 
our experiments, seems to be an acceleration of the normal histological 
processes of skeletal development, but the effect of both hormones is condi- 
tioned by the developmental pattern on which it is superimposed; for this 
reason the response varies in different regions of the same bone rudiment, in 
different rudiments from the same chick, and in rudiments at different stages 
of differentiation. In the chick the epiphyses continue to enlarge throughout 
embryonie life by the deposition of intercellular material, by some increase 
in the size of the chondroblasts, and by cell division (Fell, 1925). In the 
explants, the epiphyses behave in the same way, but under the influence of 
TIT the formation of matrix and the enlargement of the cells are hastened, so 
that the epiphysial cartilage grows faster than in the controls im normal 
medium. 

In the shaft, TIT, like T, hastens cellular hypertrophy, so that it spreads 
abnormally fast into the growing zones; since there is no compensatory 
increase in mitosis these zones become progressively narrower than in the 
controls. An essentially similar phenomenon has been reported by Richter 
(1944) in the testis of hyperthyroidic guinea-pigs; this author describes ‘an 
unbalance of the normal physiologic growth and differential spermatogenic 
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process resulting in a precocious maturation of the germ cells without a 
compensatory increase in the spermatogenic growth phase’. The precocious 
hypertrophy induced by TIT is followed by an earlier cessation of mitosis and 
of matrix formation, and in the wing-bones by a premature onset of degenera- 
tion in the middle of the shaft. 

The histological changes produced in the diaphysial cartilage by TIT, like 
those evoked by T in our earlier experiments, cause a severe inhibition of 
growth in some, but not in all, of the explanted rudiments. In normal develop- 
ment, the shaft does not differentiate in exactly the same way or at the same 
rate in all the long bones and if the rudiments are arranged according to the 
rapidity with which hypertrophy progresses, the order is: tibia, femur, humerus, 
ulna, radius. From the curves in Text-fig. 3, it is seen that if the five rudiments 
grown in vitro are arranged according to the growth inhibitory effect produced 
in each by TIT, the order is the same as that of their normal rates of hyper- 
trophy in vivo. Thus in both groups of explants, inhibition by TIT is greatest 
in the tibia, femur and humerus, which differentiate most rapidly in the 
embryo. On the other hand, in the ulna and radius, which have the slowest 
rates of hypertrophy in vivo, TIT causes, not a depression, but a marked 
acceleration of growth in group 3. This is mainly due to the fact that whereas 
the development of the ulna and radius from the younger embryos is usually 
poor and sometimes arrested in normal medium (see Pl. 1, fig. 4a), the 
stimulatory action of TIT largely overcomes this retardation and consequently 
the hormone-treated rudiments are larger and better differentiated than their 
controls (Pl. 1, fig. 46). In the ulnae and radii of group 4, in which hypertrophy 
had already appeared at the time of explantation, there is little if any retarda- 
tion in the controls and only very slight stimulation in the TIT-treated 
explants, followed by a depression of growth which, however, is less than in 
the two leg bories and the humerus. 

So little is known about the metabolic activity of the different bone rudi- 
ments in the normal embryo, that it is not possible to offer a satisfactory 
explanation of the diversity of their response to TIT and T. The results of the 
present study, however, confirm the view (Fell & Mellanby, 1955) that the 
effect of the hormones is correlated with the normal rate of diaphysial 
differentiation in the different bones, as well as with their stage of develop- 
ment when first’subjected to the influence of the agents. 


SUMMARY 

1. The effect of L-triiodothyronine (TIT) on the explanted limb-bone 
rudiments: femur, tibia; humerus, radius and ulna, of 54- to 6-day chick 
embryos was studied and compared with that of L-thyroxine (T). 

2. In a concentration of 15-6g/100 ml. TIT accelerated the differentiation 
»and growth of the epiphyses in all five rudiments. 
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3. This concentration of TIT induced precocious hypertrophy of the dia- 


physial cartilage cells, followed by an earlier cessation of mitosis and of matrix 
formation and usually by a premature onset of degeneration in the middle 
region of the shaft. 

4. Hypertrophy spread abnormally fast into the growing zones of the TIT- 
treated explants; since there was no compensatory increase in mitosis, these 
zones became progressively narrower than in the controls. 

5. The effect of TIT on the growth-rates of the five rudiments seemed to be 
correlated with their normal rates of diaphysial differentiation and with their 
stage of development at the beginning of the experiment. Thus the histo- 
logical changes produced in the shaft by TIT severely inhibited growth in the 
rapidly developing femur and tibia and less severely in the humerus; in the 
more slowly differentiating radius and ulna, growth was stimulated in explants 
from the younger embryos and slightly retarded in those from older chicks. 

6. The histological effects of TI'T’were qualitatively indistinguishable from 
those of T, but in a given concentration the inhibitory effect of TIT on the 
growth rates of the femora and tibiae was about 4 times that of T. 


H. B. F. wishes to express her very grateful thanks to Dr W. J. Martin for kindly examining 
the quantitative data. The authors are indebted to Mr R. J. Stewart for invaluable assistance 
throughout the investigation; to Mr V. C. Norfield for the photomicrographs and preparation of 
the plates, and to Mr L. J. King for skilful technical assistance. The work was partly financed by 
a grant from the Nuffield Foundation. 
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EXPLANATION OF PLATES 


Photographs by Mr V. C. Norfield, Strangeways Research Laboratory. 
All the sections were stained with Delafield’s haematoxylin and chromotrop 2R. ep., epiphysis; 

g-z., growing zone; z.h.c., zone of hypertrophic cells. 

PLATE 1 

Fig. 1. a: femur from an embryo of group 3, grown for 4 days in control medium (C); 6: opposite 
femur from the same chick grown in medium containing TIT 15-6 ~g/100 ml. The epiphyses 
are larger and the growing zones narrower in C than in TIT; the hypertrophic zones are 
about the same size. 

Fig. 2. Humeri from the same embryo as the femora in Fig. 1 after 4 days’ growth (a) in C, (5) in 
TIT. The epiphyses are larger, the hypertrophic zone slightly longer and better developed 
and the growing zones narrower in TIT than in C. 

Fig. 3. Femora from an embryo of group 3, after 8 days’ growth (a) in C, (b) in TIT. Note the 
great reduction of the growing zones in TIT. 

Fig. 4. Radii from an embryo of group 3, after 8 days’ cultivation (a) in C, (b) in TIT. Differentia- 
tion has been suppressed in C and the explant has produced only a nodule of unossified,small- 
celled cartilage, whereas the radius in TIT has formed hypertrophic cartilage, growing zones 
and epiphyses in the normal way. 


PLatTE 2 

Fig. 5. Comparable areas in the proximal epiphyses of the femora shown in Fig. 1. (a) in C, (5) in 
TIT. The cartilage is better developed in TIT than in C; the cells are larger and the matrix 
is more profuse. 

Fig. 6. The proximal ends of the humeri shown in PI. 1, fig. 2 (a) in C, (6) in TIT. The epiphysis is 
larger and the growing zone is narrower in TIT than in C 

Fig. 7. The proximal ende of the femors from an embryo of group 4, after 8 days’ cultivation 
(a) in C, (6) in TIT. The growing zone is greatly reduced in TIT. 
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EFFECTS OF CALCIUM DEFICIENCY ON STRIATED MUSCLE 
OF THE FROG 


By EDITH BOLBRING, MOLLIE HOLMAN* AND H. LOLLMANNt+ 
From the Department of Pharmacology, University of Oxford 
(Received 17 February 1956) 


The behaviour of striated muscle in a solution deficient in calcium shows 
certain similarities with the normal behaviour of the smooth muscle of the 
intestine. It exhibits spontaneous rhythmic activity (see Mines, 1908); it 
responds, like a sensory organ, to pressure and to stretch by an increased 
discharge of impulses (Adrian & Gelfan, 1933) and it is hypersensitive to 
chemical stimuli (Kuffler, 1945), for example it can be stimulated by histamine 
(Bilbring, 19555). The present investigation was undertaken in order to find 
out whether the spontaneous rhythmic activity was accompanied, or possibly 
preceded, by a fall in membrane potential, and whether a similar correlation 
could be established between tension and membrane potential and the 
frequency of electrical activity as has been described recently for normal 
smooth muscle (Biilbring, 1955). 


METHODS 


Isolated striated muscle preparations of the frog (Rana temporaria) were used, mostly m. ilio- 
fibularis and m. sartorius, occasionally m. rectus abdominis and m. tibialis posterior. All muscles 
showed rhythmic contractions when immersed in calcium-deficient solutions. The ‘normal’ 
medium was Krebs’s solution in which the sodium bicarbonate was reduced to half; of this solution 
1 part was diluted to 1-35 with distilled water. The composition was as follows: NaCl 127 mm; 
KCl 4-5 mm; CaCl, 2-5 mm; NaHCO, 11-5 mm; NaH,PO, 1-1 mm; glucose 11 mm; equilibrated 
with 95 % O, +5% CO, at room temperature; pH 6-8. The calcium-deficient medium used for most 
experiments contained only 1/20 of the normal amount of CaCl, and 1/20 of the normal amount 
of KCl. This solution was preferred to 0-6% NaCl, or to a solution which contained no CaCl, ,or to 
@ medium in which the calcium was reduced by addition of oxalate or citrate, because the muscles 
continued to be rhythmically active over periods of many hours. All preparations were fully 
curarized by adding to the bathing solution tubocurarine in a concentration of 5 x 10~* or 10-*. 
The solution flowed at a constant rate of 1-2 ml./min. All experiments were carried out at room 
temperature. 

Tension was recorded isometrically with .a mechano-electronic transducer valve (RCA 5734) 
(Talbot, Lilienthal, Beser & Reynolds, 1951). 


* Melbourne University Travelling Scholar. + British Council Scholar. 
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Extracellular electrical recording. The muscle lay on a convex support and was superfused from 
a small capillary, the fluid making continuous contact with the centre of the preparation which 
was at earth potential. The solution flowed down to both ends of the muscle, where two small 
cotton-wick recording electrodes made contact. These were connected to an a.c. amplifier by 
Ringer-Agar bridges and Ag/AgCl electrodes. 

Intracellular electrical recording. The muscle was immersed in the bathing solution, and glass 
capillary electrodes, filled with 3 m-KCl, were used. The outer tip diameter was less than 0-5 y, 
the resistance varied from 12 to 21 MQ. A conventional cathode follower input stage was used 
(input valve ME 1400), the silver chlorided silver wire making direct contact with the valve grid 
cap. The input capacity was about 2-3 pF. 


ar 


Fig. 1. Frog, m. iliofibularis. #5 Ca** +445 K*. Top, external electrical recording; 
bottom, mechanical recording of spontaneous activity. 


RESULTS 


Spontaneous rhythmic activity 

The skeletal muscle of the frog became spontaneously active when the normal 
solution was changed to the solution containing only one-twentieth of the 
normal amount of CaCl, and of KCl. Observing the muscle microscopically, 
it was noticed that not all fibres were active at the same time, and that they 
did not contract synchronously. Activity usually began in small groups of 
fibres and, after some minutes, spread to those in the neighbourhood. Some- 
times the activity took the well-known form of regular twitches like those 
recorded by Mines (1908), which have often been compared with the heart beat. 
Sometimes the pattern of the rhythmic activity underwent frequent changes. 
On other occasions the activity was quite irregular. Periods of inactivity 
occurred from time to time in all preparations; but most muscles continued 
to be active, with varying regularity and varying frequency, for 4 hr or longer. 
An example of rapid changes in the rhythmic pattern is shown in Fig. 1. In 
this record contractions can be seen, passing from single twitches to groups of 
twitches, then to a tetanus on which were superimposed the slower single 
twitches. The surface reeords of the electrical activity accompanying these 
tension changes also ranged from single action potentials to groups of action 
potentials, occurring rhythmically, which gave way to a burst at high 
frequency corresponding to the tetanus. Examples of more regular rhythms 
are shown in Figs. 10 and 12. In other records (e.g. Figs. 11 and 13) the activity 
was quite irregular. 
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The resting potential 


In order to determine any changes in resting potential which might lead to 
spontaneous activity, many observations were made in which the normal 
solution was replaced by a solution deficient in calcium and potassium, while 
a microelectrode was inserted inside a muscle fibre. It was found that in some 
fibres the potential fell, but in others it rose. For example, in one fibre the 
resting potential was 90 mV at the time when the solution was changed. 
During the first 5 min in the solution deficient in Ca and K the resting potential 
rose to 95 mV, in the next 5 min to 106 mV, and in the following 4 min to 
112 mV. At this time other fibres at the edge of the preparation were already 
spontaneously active. It was sometimes possible to keep the fibres successfully 
impaled and to observe that the resting potential was either maintained at 
a high level of about 115 mV for 10-20 min (no fibre was observed for a longer 
period), or that it began to fall. Such fibres remained inactive until the resting 
potential fell below 90 mV, or until ‘slow waves’ developed which will be 
described below. Activity continued until the resting potential had fallen to 
about 50 mV. Below this level the fibre became inactive though the resting 
potential continued to fall. It was evident that the values for resting potentials 
of muscle fibres in calcium-deficient solution varied over a wide range. When 
m. iliofibularis was used, it was, moreover, not always possible to distinguish 
between ‘slow’ and ‘quick’ fibres. The m. sartorius was therefore used to 
obtain results which could be treated statistically. In several experiments the 
following procedure was adopted. About 100 resting potentials were deter- 
mined in normal solution, which was then replaced by the test: solution. 
Measurements were continued in this solution for 2} hr. Fig. 2 shows the 
results of all experiments presented as a scatter diagram. Section (a) shows 
the resting potentials in normal solutions; (5) in a solution deficient both in 
calcium and in potassium; and (c) when only one of the two ions was reduced. 
The mean resting potential of all observations in normal solutions was 84-6 mV, 
of mean + 0-3. (586 observations.) (The potassium concentration was 4-5 mm 
instead of the usual 2-5 mm; Fenn, 1936). A great increase in the spread of the 
values occurred when both calcium and potassium were reduced. The mean 
resting potential was at first not diminished but it fell with time, the important 
change being the greater variation. The mean value of all fibres measured 
during the first hour was 101-05 mV, s.z. of mean + 1-26 (233 observations), 
and the mean of the measurements during the next 90 min was 91-9 mV, 8.£. 
of mean +1-19 (270 observations). The ratio of the number of fibres with 
resting potentials above 85 mV to those below was in the first 30 min 5-4:1, 
and fell during successive 30 min periods to 4-8, 3-9, 2-1 and 1-1 in the fifth 
period, The regression line was calculated as y= 109-14 mV —0-181 2. (y= mV, 
z=time in min). When K+ only was reduced to one-twentieth of the normal 


yn 
h i 

18 
y 


104 EDITH BULBRING, MOLLIE HOLMAN AND H. LULLMANN 


amount, the mean resting potential rose to 123 mV, s.z. of mean +0-2 (166 
observations). The spread was not increased and there was no spontaneous 
activity. When Ca*+ only was reduced to one-twentieth of the normal amount 
the resting potential fell gradually and the spread was greater. The mean of the 
membrane potentials measured during the first hour was 71-62 mV, s.r. of 
mean + 1-54 (69 observations); during the next 30 min it was 63-46 mV, s.z. 
+ 2-59 (49 observations). The regression line was calculated as y= 75-32 mV — 
0-147a. Spontaneous activity started immediately after the solution was 
changed but it was not well maintained. Most of the fibres near the surface 
ceased to contract after 30 min. 
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Fig. 2. Frog, m. sartorius. Scatter diagram of resting potentials (ordinate) measured in (a) normal 
solution, (6) deficient in Ca** and in K*, (c) deficient in K* (dots), deficient in Ca** (crosses) : 
plotted against time (abscissa). 


Potential changes during spontaneous activity 

(a) Slow waves of depolarization lasting about 100 msec were frequently 
recorded. They occurred with high as well as low membrane potential. They 
occurred both as discrete events (Fig. 3a) or they were oscillatory (Fig. 3). 
Usually the slow waves became progressively greater until, at the peak of the 
depolarization, one or several (Fig. 3c) spike potentials arose. This did not, 
however, occur in fibres with a resting potential above 100 mV. The degree of 
depolarization during a slow wave at which a spike potential was set up was 
generally constant, within 5 mV, for an individual fibre, but differed from 
other fibres in the same preparation. Fig. 4 (upper part) shows the record of 
a fibre with 83 mV resting potential. Spike potentials arose when the slow 
wave depolarization exceeded 10 mV, but not if it was less. The lower record 
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(b) 


100 mise () 


Fig. 3. Intracellular recording. Slow waves (a), oscillatory (b), or gradually increasing in size 
(a and ¢) until they gave rise to one or to several action potentials. Read from below 
upwards. 
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Fig. 4. Intracellular recording. Slow waves and spike potentials arising at a critical 
height of the slow depolarization. 
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was taken from another experiment using a faster time-base. The resting 
potential was 85 mV. In (a) there were two slow waves, but nospike potentials ; 
in (b) the second wave gave rise to two spike potentials; in (c) the spike 
potentials arose from the first, but not from the second wave. Slow waves, 
without spike potentials, sometimes continued for several minutes with no 
change in the mean resting potential. They often appeared to coincide with 
the contractions of neighbouring fibres. 

(b) Spike potentials without any preceding slow potential changes were only 
recorded from fibres with high resting potentials of about 90 mV (Fig. 52). 
The rate of such a discharge was slow (1-10 per sec) and often irregular. As 
the resting potential fell the slow depolarization preceding the spike potential 
became more and more pronounced (Fig. 5b, c). This led to fluctuations, 
examples of which are shown in Fig. 6. As a rule, the frequency of discharge 
became faster as the resting potential declined. This is shown in Fig. 7, in 
which additional spike potentials were initiated by slow waves which had 
gradually appeared in the intervals between spikes. However, when the 
potential fell to the critical level below 60 mV the spike dis¢harge often 
became slower before it ceased altogether. It must be emphasized that the 
resting potential of any one fibre did not necessarily decline pro ively but 
often fluctuated. If the fibre was active, depolarization was accompanied by 
a higher frequency of spike discharge, while the rate of spike discharge became 
slower during repolarization (see Fig. 8). Fibres with resting potentials 
between 85 and 65 mV showed spontaneous activity of all frequencies, with 
and without slow-wayes. At frequencies below 20/sec the activity was often 
very regular over many miz utes,” Higher frequencies (20—100/sec), which were 
usually coincident with léw'resting potentials, occurred in shorter bursts. The 
spike potentials arising from high resting potentials were not different from 
normal action potentials (see Fig. 5a), showing an overshoot of 25 mV. As the 
resting potentials became lower the action potentials became smaller and 
finally reached only partial depolarization (e.g. Fig. 7). Not only the height 
of the action potentials but also the rate of rise was variable. A very common 
finding was an initial slow depolarization from which the spike started; this 
became more marked as the resting potential fell (note Fig. 8d). Action 
potentials arising at low membrane potentials showed some after-positivity 
which increased as the resting potential fell and was most pronounced when 
the action potential occurred at the peak of a slow wave. This is shown in 
Fig. 9 in which the action potentials produced by electrical stimulation (upper 
record) were compared with a spontaneous discharge (lower record) occurring 
in this preparation. The ‘ prepotential’ and the after-positivity, characteristic 
for the spontaneous discharge, were both absent when the muscle was 
stimulated electrically. 
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(a) | (b) (c) 


100 mV 


Fig. 5. Three intracellular records from the same fibre. (a) no prepotential; (b) first indica- 
tion of prepotential; (c) prepotential and after-positivity (slower time base), reduced 


100 
mV 


100 msec 


Fig. 6. Intracellular recording from different fibres. Examples of slow depolarization 


The effect of stretch 


It is well known that, in calcium-deficient skeletal muscle, stretch and other 
mechanical stimuli increase the rate of spontaneous activity, and we were 
always able to observe this effect microscopically. Fig. 10 shows an example 
of a muscle with a very regular rhythm of twitches occurring at a rate of 
48/min. This rate was increased in response to stretch which raised the tension 
by 0-1 g. Several experiments were carried out to see whether the rate of 
activity was proportional to the tension. In some experiments tension only 
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was recorded, in others electrical records were also obtained using surface 
electrodes. Stretch was applied in steps every 2 min. Within a small range, 
when the total increase in length was not more than 2 mm, a graded increase 
in the rate of impulse discharge was observed in response to a graded increase 


Fig. 7. Intracellular recording; gradually appearing slow waves which in third record give rise 
to spike before dislodgement of electrode. Note that spikes produced only partial depolariza- 
tion when membrane potential declined. 


100 mV 


100 msec 


Fig. 8. Intracellular recording. Examples of slow kings (a) at high membrane Le anhagen and 
fast rate (b) at low potential. Fluctuation in (c). Gradual depolarization preceding each 
spike (d); record obtained after 20 ug histamine. 
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in tension. The results of seven experiments are summarized in Table 1. It was 
found that excessive stretch had the opposite effect, causing slowing (Expt. 7) 
or cessation of activity which would then start again when the pull was 
released. It will be noticed that in Expt. 5 the rate of activity was only increased 
in response to the first stretch, while it was slowed the second and third time. 
The record shown in Fig. 11 is taken from this experiment and illustrates the 
observation that sometimes the response to stretch consisted in a greater 
synchronization. The irregular state of activity in Fig. 11a, b was changed to 
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100 msec 
Fig. 9. Intracellular recording: (a) response to electrical stimuli; (6) spontaneous discharge. 
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10. Records as in Fig. 1. Response to stretch. 


a rhythm of synchronized contractions of greater strength in Fig. 11c, d. These 
occurred at a frequency which was similar to that of the dominant fibres 
participating in the earlier twitching. The synchronization could easily be 
observed with the microscope: whereas at first only some fibres showed a 
regular rhythm, after the stretch a larger number joined in. A third but only 
momentary effect of stretch which was also seen consisted in an immediate 
burst of activity, often resulting in a tetanus, following which no measurable 
change of activity was detectable. 

Since it was not possible to keep the same fibre impaled while the muscle was 
stretched, only a few records were obtained with intracellular electrodes. Two 
experiments in which different fibres were sampled, before and after stretch, 
indicated that there was a fall in resting potential. However, in view of the 


‘possibility that the resting poteritial of the fibres may gradually fall, and of 


the great variation which was encountered without disturbing the muscle, no 
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conclusive evidence could be obtained. Intracellular records taken immediately 
after the muscle had reached its new length showed the same type of activity 
as occurred spontaneously before, but it was always increased. 


Effect of tension on activity 


Tubocurarine Tension Twitches 
Expt. concn. (g) per min 
1. Sartorius 0-7% NaCl 10-6 0-1 9 
0-4 13 
0-8 15 
0-3 4 
2. Sartorius 0-7% NaCl 10-5 0-1 s 
0-35 ll 
0-7 15 
0-1 3 
3. Iliofibularis 0-7% NaCl 5x10-* 0-25 23 
0-35 38 
0-60 54 
4. Lliofibularis Ca+¢s K Not curarized 0-05 34 
0-25 50 
0-45 119 
0-60 200 
5. lliofibularis Ca +5 K 0-03 44 
0-07 53 
0-115 30 (large) 

0-25 27 (larger) 
6. Iliofibularis Ca +75 K 5 x10-* 0-09 27 
0-26 47 
0-37 58 
0-54 72 
0-66 15 
0-80 120 
7. lliofibularis Ca K 5x10-* 0-14 20 
0-57 49 
0-97 74 
1-3 89 
1-75 25 

The effect of histamine 


Histamine is a well-known stimulant of many types of smooth muscle but 
it has no action on normal striated muscle. Histamine was found to stimulate 
frog’s striated muscle when it had been rendered more excitable by calcium 
deficiency. If the muscle was quiescent histamine provoked twitching; if the 
muscle was already spontaneously active histamine increased its activity. 

Histamine hydrochloride was used; the solution was neutralized with 
isotonic NaHCO, and doses from 15 to 50 ug were added to the perfusion fluid. 
In the bath of 2-3 ml. this would produce a concentration of 5x 10~* to 
2-5x 10-*. It is possible that lower concentrations were also effective, but 
only with the higher concentrations-was the histamine effect convincing. It 
was important to test the action of histamine early in the experiment while 
activity was fairly regular. Later in the experiment sudden changes in 
rhythmic pattern, such as shown in Fig. 1, might well occur spontaneously. 
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The response to 15g histamine is shown in Fig. 12. The muscle was regularly 
active (a) at a rate of 72/min; 10 sec after histamine (6) the action potentials 
appeared in pairs and the twitches were accordingly greater. After 1 min 
40 sec the peak effect was reached and the first tetanus occurred (c), and was 
repeated several times; then activity decreased. Three minutes after the 


20 sec 


Fig. 11. Mechanical record. Response to stretch. Note synchronization with 
dominant fibre. 


histamine (d) the muscles twitched at a rate of 36/min but the greater force of 
contraction indicated greater synchronization. 15 min later the synchroniza- 
tion had disappeared and single twitches occurred regularly again as in (a) at 
a rate of 78/min. Fig. 13 shows the effect of stretch (top record), of 20yug 
(middle record) and of 40g histamine (bottom record). Between top and 
middle record there was an interval of 9 min; between the middle and lower 
record 22 min. It is interesting to see that within the period of 43 min between 
the beginning of the top record and the beginning of the bottom record the 
degree of spontaneous activity returned to a comparable level after each 
disturbance. Stretch produced irregular bursts of activity; both doses of 
histamine produced not only an increased rate, but also a greater synchroniza- 
tion. This is most evident from the electrical record after 204g, and from the 
tension record after 40g histamine. 
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Intracellular records showed no qualitative difference between the electrical 
activity after histamine and that which occurred spontaneously. There was 
no doubt that the rate of activity was always greatly increased, but records 
obtained from the whole muscle showing the summed increase in activity of 
all fibres were, of course, more conclusive. 


at 10sec | 


180 sec 


0 1 2 3 4 5: sec 
Fig. 12. Records as in Fig. 1. Response to 15 wg histamine. 


DISCUSSION 


The behaviour of striated muscle deprived of calcium, which has been 
described in detail by Adrian & Gelfan (1933), was studied once more because 
it has recently been found that smooth muscle from the intestine shows a 
similar behaviour under normal conditions. The average membrane potential 
of the smooth muscle is lower than that of normal skeletal muscle and depends 
on the degree of stretch and the production of tension thereby evoked. 11 
addition, this smooth muscle is spontaneously rhythmically active and the 
frequency of its activity is related to membrane potential and tension. 
Adrian & Gelfan (1933) came to the conclusion that the general state of 
polarization could not be responsible for the tendency to activity because the 
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injury potential rose in NaCl but fell in sodium citrate solution. When they 
used citrate to reduce the calcium they found that, at the point of application, 
each spike potential was preceded by a slow depolarization. They also produced 
local depolarization in calcium-deficient muscle by pressure. Kuffler (1944) 
observed that the muscle portion which was immersed in the calcium-deficient 
\ solution became negative relative to the normal part of the muscle; the 
depolarization developed slowly and reached a maximum after 20 min. 


(a) (d) (<) (4) 

Fig. 13. Records as in Fig. 1. Top: response to stretch (a) before, (6) 1 min, (c) 3 min, (d) 6 min 4 
after stretching. Middle: response to 20 ug histamine. Bottom: response to 40 ug histamine. 
Time intervals the same in all three records. 

We have used a solution deficient both in calcium and in potassium to 
produce rhythmic activity in frog’s skeletal muscle. We found that the activity 
, ysWas more regular and continued for a longer time than when Ca only was 
reduced, Using intracellular electrodes we found no fall of the average resting 
potential at a time when rhythmic activity was in full progress. On the ] 
contrary, a high degree of spontaneous activity existed while the membrane 7 
potential was raised, i.e. the tendency for auto-rhythmicity was not dependent 3 q 
if on the absolute value of the membrane potential. The important change was 4 
e ¥ the much greater variation of resting potentials than that found in normal j 
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fibres as is shown by the scatter diagram. When calcium only was reduced a 
similar increase in scatter was seen and the resting potential fell slowly. As 
the rate of decline varied greatly from fibre to fibre and as the time factor was 
involved, the mean value obtained in the course of one hour is, of course, not 
strictly valid. The reduction of both Ca and K subjected the muscle fibres to 
two opposing forces, one to reduce and one to increase the resting potential. 
The depolarization was thus delayed. Nevertheless, spontaneous discharge of 
spike potentials started already in some fibres at a membrane potential of the 
order of 90 mV, showing that the depolarization was not in itself the cause of 
rhythmic activity. 

The resting potential became unstable. Fluctuations and concomitant 
changes in the frequency of spike potentials were observed, depolarization 
being accompanied by quickening and repolarization by slowing of the rate 
of activity. This observation is reminiscent of the finding in decalcified nerves 
(Brink, Bronk & Larrabee, 1946) that the frequency of spontaneous firing was 
increased by cathodal and decreased by anodal polarization. We found that 
generally the lower the resting potential the greater the frequency of spike 
discharge. As the Yesting potential fell the action potentials became smaller; 
first the overshoot disappeared and gradually each spike caused only partial 
depolarization. 

The instability of the membrane potential was also evident from the slow 
waves which were regularly seen. Since they frequently coincided with con- 
tractions of neighbouring fibres, and as similar waves were also observed in 
normal fibres when neighbouring cells were activated with weak electrical 
shocks, it seemed likely at first that they were movement artifacts. However, 
the facts (a) that as a rule the slow waves gradually increased in size until they 
gave rise to a spike potential, (b) that the spike potential always started from 
the peak of the slow wave, (c) that spike potentials arose only if the slow 
depolarization exceeded a fairly constant level for any particular fibre, provide 
evidence that the slow waves represent true phases of depolarization. The 
observation that the resting potential of a fibre remained constant after a great 
number of slow waves makes it unlikely that they were due to dislodgement of 
the electrode tip. Further, we were unable to produce similar waves by moving 
the electrode within the fibre. 

There are two possible explanations for our constant observation that the 
spikes always arise from the crests of the slow waves: (1) slow waves and 
spikes are initiated only at the electrode, (2) slow waves are synchronous along 
the whole length of the fibre; they initiate a spike at some distant point or at 
the electrode and, as the conduction time is short compared with the duration 
of the slow waves, the spike always appears at the crest. We believe that our 
observations support the second possibility. 

Several observations make it unlikely that spikes which are preceded by 
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a prepotential are always set up at the point of insertion of the microelectrode 
and that those without prepotential arise elsewhere in the fibre. First, pre- 
potentials were recorded by Adrian & Gelfan (1933) and by us using surface 
electrodes (e.g. Fig. 1). Secondly, spikes without prepotential were only seen 
in fibres with high resting potential and never when the membrane potential 
was low. It is unlikely that in fibres with high resting potential the spike 
should always arise at a distant point and in those with low potential always 
at the electrode. 

The slow waves are probably the events preceding synchronization by a 

mechanism postulated by Adrian & Gelfan (1933). ‘The essential conditions 
seem to be (a) an intense and fairly uniform activity in several fibres, and (b) 
the existence of damaged or permeable regions at neighbouring points in them. 
These would bring the interiors of the fibres into free electrical communication 
and give a chance for a group to behave as a single unit. An active region 
developing in one fibre close to the injury would tend to activate not only the 
neighbouring points in the same fibre but also those in the fibres next to it, 
and thus rhythmic discharge in one fibre might come to dominate the rhythm 
of its neighbours.’ This is exactly what was repeatedly observed if external 
stimuli were applied, mechanical, such as stretch, or chemical, such as 
histamine. In this connexion it may be mentioned that during the measure- 
ments of resting potentials we often found a group of fibres having similar 
values, whereas the resting potentials of another group farther away were all 
by 10-20 mV different. 
_ Inthe normal smooth muscle of the intestine the stimulus of stretch and also 
the administration of histamine lower the membrane potential and increase 
the frequency of spontaneous discharge of impulses (Biilbring, 1954, 19552). 
Recently Born & Biilbring (1955, 1956) have shown that the rate of loss of 
radioactive potassium from the smooth muscle is increased by the mechanical 
as well as by the chemical stimulus. It is possible that the response of calctum- 
deficient skeletal muscle to stretch and to histamine is due to a similar 
mechanism. 

The slow ‘prepotential’ described for nerve by Arvanitaki (19394, 6) leading 
up to the rapid spike potential was a common finding. It was not limited to 
one specific area of the fibre. It was seen to develop gradually as the resting 
potential declined. Its appearance, and that of the action potentials arising 
from the peak of the slow wave, were very similar to the records obtained by 
Eyzaguirre & Kuffler (1955a, 6) from crustacean sensory nerve cells (stretch 
receptors) and to records obtained in intestinal smooth muscle (Biilbring, 
unpublished) which has properties of a stretch receptor. Thus the shape of the 


action potential in skeletal muscle undergoes changes when, in the extreme 


conditions of calcium deficiency,-it becomes spontaneously active and behaves 
like a stretch receptor. 
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SUMMARY 


1. The behaviour of isolated frog’s skeletal muscle in calcium-deficient 
medium has been studied. 

2. Lowering the Ca*+ to one-twentieth of the normal amount led to a fall 
in membrane potential and a greater scatter of the values measured. The 
muscle became rhythmically active. 

3. Lowering of both Ca*+ and K+ to one-twentieth of the normal amount 
caused a greater scatter both above and below the normal values. Spontaneous 
rhythmic activity began at a time when the mean resting potential was still 
normal. Later the membrane potential slowly declined. 

4, As a result of calcium deficiency the membrane potential became 
unstable and fluctuated. Slow waves appeared which grew in size until they 
gave rise to action potentials. 

5. The appearance of the action potential was normal, or, as the resting 
potential fell, it was preceded by a slow depolarization (‘prepotential’) which 
suddenly deflected into the rapid rising phase of the spike potential. 

6. The frequency of discharge of spike potentials was related to the resting 
potential; at a high membrane potential the rate was slow, at a low potential 
the rate was fast. 

7. The size of the action poteritials varied from the normal size with 
reversal of the membrane potential, to small spikes which reached only a 
partial depolarization. 

8. Within a small range of stretch a graded increase in tension was accom- 
panied by a graded increase in the rate of spike discharge and muscle twitches. 

9. The rate of activity of calcium-deficient striated muscle was increased 
by histamine. 

10. External stimuli not only increased the rate of activity but often pro- 
duced synchronization. 


We wish to thank Mr O. B. Saxby and Mr D. Groves for the construction of apparatus and 
most careful technical assistance. We are indebted to Dr E. M. Vaughan Williams for the loan 
of his a.c. amplifier. 


REFERENCES 

— ar & Geuran, 8. (1933). Rhythmic activity in skeletal muscle fibres. J. Physiol. 78, 

ArvaniTakl, A, (19394). Recherches sur la réponse oscillatoire locale de l’'axone géant isolé de 
‘Sepia’. Arch. int. Physiol. 49, 209-256. 

Arvanirakl, A. (19395). L’activité électrique sous-liminaire locale de !’axone normale isolé 
Sepia, J. Physiol. Path. gén. 37, 895-912. 

Born, G. V. R. & Béiegoe, E. (1955). The movement of radioactive potassium between smoot! 
muscle and the surrounding fluid. J. Physiol. 130, 55 P. ' 

Born, G. V. R. & Biusrune, E. (1956). The movement of potassium between smooth muscle an‘ 
the surrounding fluid. J. Physiol. 131, 690-703. 


Bayk, F., Bronx, D. W. & Lannapes, M. G. (1946). Chemical excitation of nerve. Ann. N.}. 
Acad. Sci, 47, 457-485. 


T. 


E 
K 
K 
M 
, 
4 


)- 


POTENTIAL CHANGES IN Ca**-DEFICIENT MUSCLE 117 


BiLBRING, E. (1954). Membrane ee of smooth muscle fibres of the taenia coli of the guinea- 
pig. J. P - 125, 302-315 

Correlation between membrane potential, spike discharge and tension in 
smooth muscle. J. Physiol. 128, 200-221. a 

Bi.srie, E. (19556). Similarity between the behaviour of striated muscle deficient in calcium 
and that of certain smooth muscle. J. Physiol. 129, 22 P. 

Eyzacuterg, C. & Kurrier, 8. W. (19552). Processes of excitativn in the dendrites and in the 
soma of single isolated sensory nerve cells of the lobster and crayfish. J. gen. Physiol. 39, 
87-119. 

Eyzacuerg, C. & Kurruer, 8. W. (19556). Further study of soma, dendrite, and axon excitation 
in single neurons. J. gen. Physiol. 39, 121-153. 

Fenn, W. O. (1936). Electrolytes in muscle. Physiol. Rev. 16, 450-487. 

Kurrier, S. W. (1944). The effect of calcium on the neuromuscular junction. J. Neurophysiol. 

7, 17-26. 

ee S. W. (1945). soca changes at the neuromuscular junction during tetany. 
J. Physiol. 103, 403-411 

Mines, G. R. (1908). On the spontaneous movements of amphibian skeletal muscle in saline 
solutions, with observations on the influence of potassium and calcium chlorides on muscular 
excitability. J. Physiol. 37, 408-444. 

Ta.sor, 8. A., J. L. Jz., Beser, J. & Reynowps, L. W. (1951). A wide range 
mechano-electronic transducer for physiological application. Rev. sci. Instrum. 22, 233-236. 


5 
4 


N 
at r 
1é 
it 
18 4 
ll 
ig 
h 4 
al q 
h 
a 
d 

d q 
n 

le 
G 
h 
d 
\ 


118 


J. Physiol. (1956) 133, 118-131 


THE PHYSIOLOGICAL REACTIONS OF MEN OF TWO AGE 
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MacKinnon (1954) has claimed that advancing age is associated with a great 
reduction in the number of active sweat glands on the finger pad. If this were 
true for the eccrine glands of the general body surface, the tolerance of older 
individuals to hot environments would presumably be adversely affected and 
demonstrable disturbances in heat regulation might be expected. We have 
been concerned with this problem because of its significance in coal mining, 
where older workers may be required to do heavy tasks in hot conditions 
(Lind, Hellon, Weiner & Jones, 1955). Careful search of the literature 
revealed only two studies dealing with the relation of age to physiological 
responses to hot conditions, and these yield only limited information. That 
by Krag & Kountz (1952) describes the reactions of a small group of males 
and females of widely different ages (including some patients) to unstandard- 
ized tests in a fever cabinet with saturated environments; in the second, by 
Wiebers (1954), the subjects were exposed to only moderate heat for 20 min. 
In the investigation reported here two groups of miners, fairly comparable 
except.in age, were required to perform a standardized routine of work and 
rest in @ hot environment for 4 hr. The aim of this exploratory experiment 
was to discover whether any differences attributable to age could be detected 
in heat regulatory and circulatory responses. A subsequent investigation 
dealing with the influence of age on the number of active sweat glands in hot 
conditions has been reported elsewhere (Hellon & Lind, 1956). 


METHODS 


Thirty-six subjects were chosen from a large number of volunteers (over 1000 mines-rescuc 
personnel), eighteen in the younger group and eighteen in the older. The range of ages within the 
groups was 19-31 and 39-45 years, with means of 26 and 43 years. The men were chosen as pair: 
one younger and one older, so that the members of each pair were of similar mining occupation 
(there were no sedentary workers) and of approximately the same physique as judged by height 
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and weight. This was done to minimize the effects due to differences in physique, since sweat loss, 
for example, is known to be correlated with body weight and surface area (Adam, Jack, John, 
Macpherson, Newling & You, 1953), The means and the range of body weight, height and surface 
area of the two age groups are given in Table 1. . 

Subcutaneous fat, as judged by skinfold thickness (Edwards, 1950), was also very similar in the 
two groups (mean values 9-25 and 9-01 mm in the younger and older respectively). Skinfold 
thickness was measured by ‘quadrant’ calipers on both sides of the body at four sites—over the 
infero-medial angle of the scapula, midway between the umbilicus and anterior superior iliac 
spine, one-third of the way down the back of the upper arm and midway between the iliac crest 
and the costal margin. 


TaBLE 1, Physical characteristics of the younger and older groups. Group mean values 
are given with the range in parentheses 


Weight Height Surface area 

(kg) (cm) (m*) 

Young 67-50 172-4 1-80 
(58-49-82-71) (164-5-178-4) (1-65-1-99) 

Old 67-92 171-5 1-80 
(58-67-—77-80) (159-4~-183-5) (1-65-1-93) 


Thirty-four of the men were investigated in the months April—July and one pair in the following 
December. All the subjects underwent a medical examination before the experiment and were 
found to be healthy. 

The exposure to heat was made in a chamber with controlled conditions of 37-8° C dry-bulb 
and 29-4° C wet-bulb temperatures which were recorded continuously on a recording potentio- 
meter. At no time did the conditions vary from the target temperatures by more than 0-5° C. 
Air movement, measured by a kata thermometer, was 100 ft./min. 

One subject only was tested on each experimental day, which started at 8.30 a.m. The subjects 
wore only athletic trunks when in the hot chamber. The time-table for an experiment was as 
follows: 

75 min Resting outside hot chamber (where air temperature 
ranged between 21 and 24° C) 
10 min Preliminary observations in chamber 


20 min Work period W4 


The work consisted of stepping on and off a 12 in. high stool at the rate of 12 steps/min. During 
the rest periods the subjects sat on the stool. Oxygen consumption was measured during the 
whole of W2 and R 3b. The open-circuit method was used and Haldane analyses done in duplicate. 

Sweat losses were measured by weighing the men nude to the nearest 5 g on entry to the hot 
room and at the end of each work and rest period. Two towels were used to collect sweat which 
dripped from the body—one on the stepping stool and one on the floor behind the stool, These 
towels, together with the subject’s trunks, were weighed to the nearest gram on a separate balance 
each time the men were weighed. Weight changes of the subjects’ trunks and of the towels on 
which they worked and sat enabled allowances to be made for sweat not evaporated from the skin 
and to arrive at an estimate of total evaporative loss from lungs and skin. Water losses from the 
lungs were calculated from the ventilation rate and used in conjunction with total weight loss 


30 min Work period Wl 
30 min Rest period Rl i 
30min Work period W2 | 
30 min Rest period R2 : 
30 min Work period W3 

20 min Rest period R 3a d 
40 min Rest period R 3b 
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and the amount lost by ‘drippage’, to calculate the skin evaporative loss. Each man drank 
500 ml. of water at air temperature (about body temperature) during R1, R2 and R 3a. The 
total volume of water taken was close to the mean total sweat loss for all the men (1710 mi.). 
Rectal temperatures were taken, at a depth of 8 om from the proximal side of the internal 
anal sphincter, by means of an indwelling thermocouple (Hellon, 1955), which remained in 
place throughout the experiment. ‘' adings were taken at 10 min intervals by means of a 

On entering the hot room and at the end of each succeeding work and rest period skin tempera- 
tures were measured at eleven places on the body (Belding, Darling, Griffin, Robinson & Turrell, 
1945). Readings were taken from a 30 s.w.g. thermocouple which was stretched across a V-shaped 
Perspex holder. The thermocouple was applied to each of the places in turn and the eleven readings 
were taken in about 2 min. Mean skin temperatures were calculated by simply averaging the 
eleven readings (Belding et al. 1945; Weiner & van Heyningen, 1952). Pulse rates were counted 
by palpation at the wrist for 30sec and from the plethysmograms. Blood pressures were 
obtained by auscultation. Both pulse rate and blood pressure were taken immediately after each 
work period with the subject standing and at the end of each rest period with the subject sitting. 

Blood flow was measured on the right arm using the mercury-in-rubber strain gauge method of 
Whitney (1953). The seated subject had his arm resting comfortably on a support at about heart 
level. The strain gauge was placed approximately mid-way along the forearm with the venous 
occlusion cuff just above the elbow and the arterial occlusion cuff at the wrist. The following 
time-table was adopted when measuring blood flows: 

Venous occlusion Arterial occlusion 
(50 mm Hg) (200 mm Hg) 


Such a procedure constituted a ‘run’, and three runs were made on each subject with a 1 min 
pause between runs. Blood flows were measured in this way in the initial period before entering 
the hot room and during R 3b, starting 30 min after the end of W3. Thus on all the subjects six 
_ inflow curves were taken with the hand ‘in circuit’ and six with the hand circulation occluded, 
both before entering the hot chamber and after spending 3 hr in the heat. In addition, on eight 
of the younger subjects and eleven of the older, one run was made starting 60 sec after the end 
of W4. 


In order to minimize observational errors (e.g. in blood-pressure determinations), half of the 
subjects in each age group were dealt with by each of the two observers taking the circulatory 
readings. The plethysmograph tracings were all interpreted by one observer. 


RESULTS 


Body temperature. The mean values of rectal temperature throughout the 
experiment for the two age groups are shown in Fig. 1. The older men started 
with a lower mean rectal temperature, but by the end of W 2 had a temperature 
about 0-1° C higher than the younger group, and thereafter maintained this 
difference. 

The difference between the means of the age groups at each reading was no: 
significant (by ‘t’ tests) at the start of the experiment nor at any time up to 
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and including the end of the third work period (at 155 min). At 175, 210 and 
230 min, the rectal temperatures of the older group were significantly raised 
(at the 5% level) above those of the younger men. The increment in tempera- 
ture induced during the first period of work was not significantly different in 
the two age groups. By the end of the second, third and fourth work periods 
the increments in rectal temperature above the pre-heat values became 
significantly greater in the older group. (The slight but noticeable rise at the 
end of R1 and R3b in the mean temperatures of the younger and older men 
respectively, is presumably due to the disturbance of weighing.) 


369F wi w4 


0 20 4 6& 8 100 120 140 160 180 200 220 240 
Time (min) 


Fig. 1. Mean rectal temperatures of the two age groups. © represents the 
younger group and @ the older group. 


Skin temperature. The mean skin temperatures of the two age groyps 
measured at the end of successive work and rest periods are shown in Fig. 2. 
Both age groups started the experiment with the same mean skin temperature. 
After W2, the older men assumed a slightly (but not significantly) higher 
skin temperature, which remained above that of the younger group for the 
remainder of the heat exposure. There were no significant differences in the 


increments of skin temperature from the beginning of the experiment to the - 


end of W2, W3 and W4. 

These observations on body temperature changes indicate therefore that 
exposure to heat and work leads to a small but consistently greater heat gain 
in older subjects, a finding which has been confirmed in further investigations 
on these and other individuals (Lind et al. 1955; Hellon & Lind, 1956). 

Heat production. The closely similar values of metabolic rates of the two 
age groups when step-climbing (W 2) and when resting (R 3b) in the heat are 
shown in Table 2. The slightly lower mean metabolic rate of the older men 
during work was not significantly different from that of the younger men. 
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The lack of difference between the two age groups is in accord with the findings. 
of Mahadeva, Passmore & Woolf (1953) whose subjects performed step- 
climbing in ordinary cool conditions. 

Sweat production. The mean rates of water loss (from skin and lungs) < over 
the whole heat exposure were 3-93 and 3-95 g/m?/min for the younger and 
older men respectively of difference =0-14). When allowance was made 
for sweat collected in the subjects’ trunks and on the towels, the two values 
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Fig. 2. Mean skin temperatures of the two age groups. al 
group and @ the older group. 


TaBLeE 2. Metabolic rates of younger and older subjects at work and rest in the heat 


Work Rest 
kcal/m*/hr 8.D. keal/m?/hr 8.D, 
Young 154-9 +13-11 44-5 +518 
Old 149-0 fA 1716 45-0 +6-90 


denoting evaporative water loss became 3-68 and 3-67 g/m*/min. Ventilation 
rates of the age groups were very similar, so that over the whole experiment 
there was little difference in either the total or skin evaporative cooling. 
However, when the evaporative rates for the separate work and rest periods 
were examined, some differences between the age groups became apparent. 
As shown in Fig. 3, the younger men evaporated more sweat than the older 
men. during the work periods and less in the rest periods. This was also true 
of the total sweat production. The general trend was quite consistent, thoug) 
only in one period (R 3a) was the difference between the age groups significant 
(P<0-01). The altered pattern of sweating response in the older men may be 
demonstrated more effectively if the overall evaporative rate for all the work 
periods is subtracted from the overall rate for all the rest periods. The younger 
men have a difference of 1:12 g/m?/min, while that of the older men is 
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()-78 g/m?/min. These two results differ significantly (P <0-02). A precisely 
similar pattern of response, which suggests a slower reaction to the additional 
heat load of work on the part of the older men, has been found in a later 

investigation on other subjects (Hellon & Lind 1956). _ | 


2 
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Fig. 3. Evaporative rates from the skin and respiratory system in the various periods of the 
experiment. White columns represent younger men and black columns represent older 
men, 


TaBLEe 3. Mean pulse rates (per min) of the two age groups and the levels of significance 
of the differences, using a ‘ft’ test 


Young Old significance 
Before W 1 , 68 70 a NS 
After Wl 121 126 NS 
82 90 5 
Wwe 130 136 5 ; 
R2 83 91 1 
w3 126 137 2 
R3a 86. 
R 3b 80 91 5 9 
w4 121 132 2 


Pulse rates. The mean values for the two age groups are set out in Table 3. 
The rates before the heat exposure were very similar in the two groups. 
During the heat exposure, the older group had mean pulse rates which were 
at all times higher than the younger men. All of the differences between the 
group means were significant except that after W 1. 

Once the older group had reached their higher level of pulse rate (i.e. by the 
end of R1), the changes induced by the succeeding periods of work and rest 
were remarkably similar in the two groups. The mean increments in pulse rate 
for the second, third and fourth work periods were 48, 43 and 41 beats/min for 
the younger group and 46, 46 and 41 beats/min for the older group. Similarly, 
the decrements in pulse rate during the rest periods were also very close; 
during R 2, R 3a and R 3b, the decrements were 47, 40 and 6 beats/min and 
45, 39 and 7 beats/min for the younger and older men respectively. 
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Blood pressures. Table 4 gives the mean values of systolic, diastolic and 
pulse pressures for the two age groups. The values following W 4 are not given, 
since in eight young and eleven old subjects blood-flow determinations were 
made immediately and blood pressures could not be obtained until 4 min after 
the end of work. 

Before the heat exposure the older men had a slightly lower mean systolic 
pressure, a higher mean diastolic pressure and therefore a smaller pulse 
pressure. During the heat exposure the older men now had higher systolic 
pressures than the younger, but the differences between the means were not 
large and individual variation was such that they were not significant. 
Differences in the mean diastolic pressures were larger, higher pressures being 
seen in the older group, As in the pre-heat period, the older men in the heat 
tended to have father smaller pulse pressures, though this small difference 
hardly reaches formal significance. 

TaBLE 4. Mean systolic, diastolic and pulse pressures of the two age groups in mm Hg. 
Y =younger group, O =<older group. Sig. =level of significance of the differences by a ‘t’ test 
The discrepancy between the mean pulse pressures shown and those which would be obtained 


by subtracting the mean diastolic pressure from the mean systolic pressure is due to the 
fact that several diastolic pressures were not audible 


Systolic pressure Diastolic pressure Pulse pressure 
| 


Sig. Sig. Y oO. Sig. 
Before W1 (sitting) 121-2 1168 NS. 745 788 NS. 46-7 37:1 01% 


After W1 123-8 1271 NS. 888 918 NS. 354 352 NS. 
R1 110-7 1149 NS. 762 865 1% 37:8 288 0-1% 
we 121-3 1265 NS. 881 914 5% 38-2 3561 NS. 
R2 108-9 1108 NS. 788 853 NS. 306 255 NS. 
W3 1144 1199 NS. 808 882 5% 335 329 NS. 
R3a 108-7 1161 NS. 767 889 1 32-0 272 NS 
R3b 108-4 1118 NS. 803 898 2 27-1 242 NS 


Blood flows. Before entry to the hot room the forearm blood flows of the 


two age groups were very similar (Fig. 4). Mean flows were 1-5 and 1-8 ml./ | 


100 ml. forearm/min for the younger and older groups respectively. The range 
of values, 1-0—2-5 ml./100 ml./min in the younger men and 1-0—3-6 ml./100 ml./ 
min in the older, were also quite comparable. When the forearm blood flows 
were measured during R 3b after 3 hr exposure to heat, a striking difference 
between the two age groups was evident. All the flows for the younger men 
were closely grouped, with a mean of 3-7 ml./100 ml./min covering the range 
of 2:3-5-1. The exposure to heat had caused an approximate doubling of 
forearm flow. In contrast, the older group showed a wide scatter, with a range 
of 3-1—20-8 and a much higher mean of 8-0 ml./100 ml./min. Seven of the flow: 
of the older men fell within the range of the younger, and eleven were higher. 

In three of the older men the increase in flow, when compared with their pre 

heat values, was about tenfold. No relationship was found to suggest that the 
men with the highest forearm flows in the heat had the meet flows in | the 
pre-heat measurements. 
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Wyndham (1951) under similar environmental and working conditions, and 
with four young unacclimatized subjects, found forearm flows (by volume 
plethysmography) of the same order as those seen in the present younger 
group. Blood flows comparable to those of our older subjects were found in 
Wyndham’s young subjects only in far more severe environments. 
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Age (yr) 
Fig. 4. Forearm blood flows taken before entry to the hot chamber (@) and 
after 3 hr in the heat (0). 


There was a tendency for the oldest men to have the highest flows. The 
correlation (r= +0-496), within the older group between age and forearm blood 
flow in R 3b, was significant at the 5% level. The mean values given above 
were calculated from six pairs of inflow curves, obtained on each man, with 
5 min intervals between each pair. Analysis of the results for each run yielded 
no evidence to show that forearm blood flows were changing during the 15 min 
of the observation period. 

On eight young and eleven older men blood flows were measured immediately 
after the last work period. In this group of nineteen men the post-work blood 
flows (mean 5-9 ml./100 ml./min) were greater than the flows taken on the 
same men in R 3b (mean 4-6 ml./100 ral./min). This difference of 1-3 (s.n. 0-51) 
was significant at the 2%, level. These immediate post-work blood flows are 
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plotted against those of the preceding rest period (R 3b) in Fig. 5. There is 
a significant correlation between the two sets of blood flows (r= +0-679) 
P <0-01). Although these results include only just over half the total number 
of subjects, it seems probable that the relationship between age and blood 
flow found in the rest period was also present in all the subjects at the end of W 4. 
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Forearm blood flow during R 3b 


Forearm blood flow after W 4 (mi./100 mi./min) 


Fig. 5. Forearm blood flows taken in the rest period R 3b compared with those taken immediately 
after the following work period W 4. © represents the younger group and @ the older group. 


An estimate of hand blood flows was obtained from the difference in forearm 
inflow curves taken before and after arterial occlusion at the wrist (Whitney, 
1954). In the heat the mean value for the younger group was 34-9 ml./100 ml. 
hand/min (range 8-72) and for the older group 41-2 ml./100 ml./min (range 
17-87). The difference between the means is not significant. This similarity of 
‘ hand blood flows of the two age groups is in agreement with the findings of 
- Wiebers (1954), although his subjects were not exposed to such a severe 
climate and did not perform any work. Evidence that blood flow through the 
hand probably bears little relation to the degree of heat stress has already 
been presented (Hellon & Lind, 1955). 

It has already been shown that the older subjects in the heat had a signifi- 
cantly higher pulse rate than the younger men. The results were examined to 
see whether this was in any way connected with the higher blood flows of the 
older men, but no correlation was found between forearm blood flows in R 3) 
and the pulse rates taken from the plethysmograms. 

No relationship was found between forearm blood fiow and systolic, diastolic 
or pulse pressures measured at the beginning and end of R 3b. 
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DISCUSSION 


It has been shows previously (Lind et al. 1955) that the older men in this 
investigation were as fit and as able to perform hard work in hot saturated 
environments as the younger men. Despite their fitness and also their reason- 
able physical similarity to the younger men, they haveclearly shown differences 
in their heat regulatory adjustments. The greater heat gain by the older men 
to the extent of 0:29° C in rectal temperature over the first 90 min, is equivalent 
to an extra heat storage of 16 kcal for a man of 65 kg. This small excess is not 
accounted for by greater convective or radiant heat gain, since skin tempera- 
ture is, if anything, slightly higher in the older men (Fig. 2). That it may be 
attributed to a greater metabolic heat production is possible, but the meta- 
bolic rate at least in the latter part of the 90 min period (Table 2) tends to be 
lower in the older subjects. A more likely explanation lies in the slower 
response to heat of the sweat glands of the older subjects, so that evaporative 
loss, which is the only possible manner of losing heat in the environment used 
here, lags a little behind that of the younger subjects. Support for this 
explanation is given by the results of later experiments (Hellon & Lind, 1956). 

If a reduction in the number of thermal sweat glands with age was present 
in our subjects, corresponding to the reduction MacKinnon (1954) has reported 
on the digital sweat glands, then a noticeable difference in the amount of sweat 
excreted szquid be expected. While there is a delay in sweat gland response 
' giving rise to an altered pattern of sweat production, there is no evidence 


_ from our results to show that MacKinnon’s observations apply to the thermal — 


sweat glands on the rest of the body, at least for men up to the age of 45. 


The outstanding finding of this comparison of the two age groupsis the’ 


large increase in forearm blood flow observed in the older group in the heat. 
These high flows were seen shortly after work (W 4), and since they were also 
found after the subjects had been resting for 30 min after work (i.e. in R 3b 
after W3), it seems possible that exposure to heat alone would elicit this 
circulatory difference between the age groups. The results of a further 
investigation (Hellon & Lind, unpublished) show this is probably the case. 

An analysis of the circulatory events occurring in the body generally can 
only be made tentatively in view of the limited and indirect data available. 
There is little doubt that the increase in forearm blood flow in the heat in both 
groups of men must have been brought about by local vasodilatation and not 
by an inerease in perfusion pressure. In the older subjects there was only a 
slight rise in systolic (or in mean) blood pressure, while in the younger men 
there was in fact a slight drop (Table 4). 

The older men as a group thus displayed a much greater degree of local 
vasodilatation, but how far the vascular beds of the skin and of the muscle of 
the forearm contributed to this dilatation in the two age groups cannot be 


7 
iq 
+ 
h 


128 R. F. HELLON, A. R. LIND AND J. 8. WEINER 


settled without further investigation. The recent results of Barcroft, Bock, 
Hensel & Kitchin (1955) and Edholm, Fox & Macpherson (unpublished) where 
reflex heating was used, indicate that the increase in forearm blood flow is 
largely due to vasodilatation in the skin. In the present experiments both 
direct heating and muscular work were involved and it remains possible that 
the vasodilatation affected muscle as well as skin. 

Although blood-flow observations were made only on the forearm, it is 
commonly accepted that vasodilatation occurs over the whole body surface 
when men are exposed to heat, and the following considerations suggest that 
the increased blood flow of the forearm was representative of this general 
vasodilatation. 

Under the conditions of this experiment, the major factor in the transfer of 
heat to the skin was vascular ‘convection’. Neglecting the heat passing by 
' direct conduction, which would be small in comparison with that carried by 
the blood, the transfer of heat could be expressed by the equation 


H=Fs3t, 


where H =rate of heat transfer to the skin from the core, s=specific heat of 
blood, F = blood flow to the skin, 8t=thermal gradient from the core (rectum) 
to the skin. This relationship will only hold when a steady thermal state exists, 
and it appears from the small changes in body temperatures (Figs. 1, 2) that 
changes in body heat content were small over the period of observation. It has 
also been shown that blood flow remained fairly steady over this period. 

The equation may be rewritten in the form 

H 
and if it can be assumed that the term H/s is a constant (k), the equation 
becomes 
k 
(2) 
Blood flow should therefore be related to thermal gradient, and the curve 
should take the form of a rectangular hyperbola. 

The actual results are shown in Fig. 6 and the approximation to the pre- 
dicted curve is not unsatisfactory. The assumption regarding the term ‘k’ in 
equation (2) is apparently not unreasonable, and even though ‘H’ will varv 
from one subject to another, its variation appears to be within sufficient! v 
narrow limits not to upset the hyperbolic relationship. It has also been 
assumed that the thermal gradient across which the blood is flowing is equ’! 
or proportional to the rectal-skin temperature difference. In fact, 5¢ is probab!v 


overestimated and this could account for the failure of the curve to approac! 
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the abscissa more closely, The temperature of the blood entering the skin will 
not be above that of the rectum, and it will probably be lower (Eichna, 1949; 
Kichna, Berger, Rader & Becker, 1951), while skin venous temperature is 
probably higher than skin surface temperature, and is unlikely to be lower. 
The hyperbolic relationship suggests that the levels of blood flow present in 
the forearm are representative of those in the body generally, since one would 
expect the gradient used here (rectal temperature-mean skin temperature) to 
be influeneed only by changes in the blood flow of the body as a whole. The 
demonstration of this relationship in these experiments may be ascribed to the 
wide range of blood flows which resulted from the use of older subjects, 
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Fig. 6. Forearm flows and thermal gradients between rectal and mean skin temperatures 
in the rest period R 3b. © represents the younger group and @ the older group. 


If we are justified in assuming that the vasodilatation is general, and of the 
same order as that found in the forearm, the older subjects might be expected 
to have @ greater heart output in the heat. The older subjects have a pulse rate 
of about 10 beats/min faster than the younger men, while the pulse pressure 
is approximately the same in both groups. This suggests that the older men as 
a yroup may have a higher cardiac output. Nevertheless, there was no cor- 
relation of pulse rate or pulse rate x pulse pressure with forearm blood flow. 
This suggests that the increased blood flow in the older subjects is not 


dependent entirely upon an increased heart output. Evidence that visceral 
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vasoconstriction occurs in the heat is provided by Marschak (1931), Glaser 
(1949), Glaser, Berridge & Prior (1950) and Kenney (1952). If this vasocon- 
striction was greater in the older group, it could, to some extent, provide blood 
for an increased flow in dilated regions without fe sega @ greater heart 
output. 

SUMMARY 

1. Eighteen subjects with a mean age of 26 years have been compared with 
eighteen other subjects with a mean age of 43 years when performing a 4 hr 
work routine in an environment of 37-8° C dry-bulb temperature and 29-4° C 
wet-bulb temperature, with an air movement of 100 ft./min. 

2. Measurements were made of heat production, sweat loss, rectal tempera- 
ture, skin temperature, pulse rate, blood pressure and blood flow in the 
forearm. 

3. The older men shoud the same total sweat hia as the younger, but the 
production of sweat over the work and rest periods was of a different pattern 
from that of the younger men. 

4. The older men had faster pulse rates and slightly higher rectal tempera- 
tures as a result of the experimental routine. 

5. The forearm blood flows of eleven of the older men were greater than 
any of the younger men. The mean blood flow of the older subjects, after a 
40 min rest period towards the end of exposure to heat, was twice that of the 
younger. 

6. The implications of the findings are discussed, and a predicted relation- 
ship connecting blood flow and heat transfer is shown to hold good under the 
conditions of these experiments. 


We are indebted to the Nationa! Coal Board for sponsoring this investigation and for the supply 
of subjects; to the late Dr B. Geoghegan and to Dr K. Hellman for help in the experiments; to 
Mr ®. Morley Jones for advice on the statistical aspects; to Messrs I. C. I. Ltd. for supplies of 
Welvic Paste; and to the thirty-six subjects for their willing co-operation. | 
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OBSERVATIONS ON THE ACTIVITY OF SWEAT GLANDS WITH 
SPECIAL REFERENCE TO THE INFLUENCE OF AGEING 


By R. F. HELLON anp A. R. LIND 
From the Medical Research Council Unit for Research on Climate and 
Working Efficiency, Department of Human Anatomy, Universtiy of Oxford 


PART I. PALMAR SWEAT GLANDS 


The sweat glands on the palmar surface of the hand are generally considered 
to be responsive only to emotional stimuli (Kuno, 1934). A number of workers 
have studied the influence of age on the activity of these sweat glands in cool 
environments, but the results are somewhat discrepant. Burch, Cohn & 
Neumann (1942) could not demonstrate any differences attributable to age in 
the rate of water loss from the finger tips in subjects ranging from 8 to 44 
years, and only in a group of eight senile subjects of over 70 years was there 
a definite reduction. Van der Valk & Groen (1950) found with increasing age 
' (up to 70 years) a regularly increasing skin resistance which they interpreted 
as a reduction in palmar sweat output. MacKinnon (1954) counted, from 
plastic impressions, the number of active sweat glands of the finger tips of 
123 healthy male subjects of ages ranging from 7 to 96 years, and concluded 
that there was a continuous reduction in the number of these active glands 
with increasing age. This reduction was found to be more rapid in the first 
four decades than in later years. 

In the present investigation a re-examination of the effect of age on the 
activity of palmar sweat glands has been made under cool conditions as well 
as in hot environments. There are few investigations on the effects of heat on 
palmar sweat glands and the results are to some extent conflicting. Study of 
Kuno’s (1934) results showed that the ‘general activity’ of these glands did 
not decline on exposure to heat but mental arithmetic which stimulated their 
activity in the cool failed to do so in the heat. Randall & Hertzman (1953), 
however, found that the ‘general activity’ declined considerably in the hest 


and ‘frequently although not invariably stopped altogether’. There appears to 


be no information on the effect of ageing on the behaviour of palmar glands 11 
the heat. 
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Methods 


Twenty-four men were examined, twelve students between the ages of 18 and 23 years, and _ 
twelve college servants between the ages of 45 and 57 years, The subjects were examined in pairs, 
each pair comprising one young and one older subject. They were all medically fit. 

Each pair sat for an hour, from 14.00 to 15.00 hr, wearing only an athletic support, in an 
ante-room where the dry- and wet-bulb temperatures ranged from 24 to 27-5° C and from 15-5 to 
20° C respectively, with an incidental air movement of less than 40 ft./min (0:2 m/sec). Between 
14.30 and 14.40 hr records were taken of the active sweat glands on the finger pad of the middle 
finger of the left hand. The technique of Thomson & Sutarman (1953) was used, except that 
colloidal graphite was not included in the plastic solution, since the impressions were not to be 
photographed. The plastic impressions obtained were examined later under a microscope, gn an 
area of 5x5 mm immediately distal to the central whorl. At 15.00 hr the subjects entered the 
hot room, where the dry- and wet-bulb temperatures were 38 and 30-5° C respectively, controlled 
to +0-5°C, Average air movement was 40 ft./min (0-2 m/sec). The subjects sat for 65 min, 
worked for 20 min and sat for the last 65 min of exposure. The total length of exposure was 
therefore 150 min. The work performed was stepping up and down from a stool | ft. (30-5 em) 
high, twelve times a minute in time to a metronome. This work was estimated by Ferres, Fox & 
Lind (1954) to involve an energy expenditure of 165 kcal/m*/hr. The number of active sweat 
glands on the finger pad was recorded after 55, 95 and 140 min exposure to heat. 

After the experiments just described a series of ‘control’ experiments was carried out, where 
the routine was identical with that described above, the subject undergoing a preliminary period 
in the anteroom and then carrying out the same hot-room procedure, except that the temperatures 
in the chamber were 26° C dry bulb and 18° C wet bulb? Ten students aged 18-23 years and ten 
college servants aged 44-57 years acted as subjects; of these, six of the older subjects and all but 
one student took part in the previous experiments in the heat. 

When the prints from the finger pad were examined microscopically a complication arose in 
the interpretation of the appearance of the sweat gland impressions. Active sweat glands produced 
holes of varying size in the drying plastic as noted by Thomson & Sutarman (1953). In addition, 
white spots were seen on the plastic impressions in greater or lesser numbers according to the 
experimental conditions. These do not appear to have been described before. The white spots 
obviously corresponded to the site of sweat glands. Whitening of the drying plastic can be caused 
by the presence of water on the skin, so that there appear to be two possible explanations for these 
white spots: (1) that the drying of the skin before the application of the plastic was not fully 
effective and left a small amount of water in the depressions on the skin surface where sweat 
glands open, or (2) that the spots represented those glands which were still active but whose 
activity was insufficient to create a hole in the drying plastic. Because the topography of 
impressions of the finger pad is distinct and characteristic, it was possible to trace the site of 
individual glands on successive prints. Sometimes a gland would produce a hole in the plastic, 
on other occasions the site was associated with a white spot, or with no marking on the plastic 
at all. Therefore it was considered likely that the white spots were the result of reduced activity 
of the glands concerned. The description of the results presented here is based on the following 
classification: (1) ‘Fully active’ glands have been taken to be those glands which were sufficiently 
active to create holes in the plastic impression; no attempt has been made to classify the degree 
of activity of the sweat glands by the size of hole produced, as suggested by Thomson (1954). 
(2) ‘Partially active’ glands, those glands which produced white spots on the plastic impres- 1 
cion. It is possible that these spots represented the activity of glands engaged in ‘insensible i 
perspiration’ as described by Jiirgensen (1924). (3) ‘Total active’ glands—the sum of (1) and 
(2) above, 
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Results 


Fig. 1 shows the number of active sweat glands on the finger, found on each 
individual before entry to the heat. It is clear from the figure that the mean 
and the range of the results from the two age groups were similar both for the 
fully active glands and for the partially active glands. The values fell within 
the ranges found by MacKinnon (1954) for the same age groups when they 
were reduced to unit area (MacKinnon gives the area examined as ‘4 sq. mm’. 
Communication with the author revealed that this should read 4 x 4 mm). 
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Fig. 1. The numbers of ‘fully active’ digital sweat glands in young (@) and older subjects ( x ), 


and the ‘partially active’ digital sweat glands in the two groups (©, +) before exposure 
to heat. 


Since none of our subjects had taken part in previous experimentation it 
was considered likely that some of them would be apprehensive of the novel 
situation and that this might, as shown by Kuno, influence the sweat gland 
activity on the finger. The only other measurement taken which could be 
considered to reflect the degree of apprehension of the subjects was the pulse 
rate. Fig. 2 shows the relationship which existed between the pulse rate and 
the number of fully active glands. The correlation between the two measure- 
ments was found to be statistically significant at the 1% level. This would 
suggest that apprehension was influencing the number of active sweat glands 
under these experimental conditions. 

Fig. 3 shows the curves for the total number of active sweat glands, the 


fully active and the partially active glands before entry to the heat and at — 


various intervals after exposure to heat. The curves represent the means for 
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each age group. The total number of glands detected fell by some 23% by the 
end of the first hour’s exposure to heat and remained at that level for the 
remainder of the experiment. The fully active glands fell from 90 to 30% of 
the total number by the end of the first hour and then remained unchanged. 
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: Fig. 2. The correlation between the ‘fully active’ digital sweat glands (young, @; 
older, x) and pulse rate before exposure to heat. 
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Fig. 3. The effect of exposure to heat on the activity of digital sweat glands 
in young (@) and in older ( x ) subjects. 


As the number of fully active glands decreased the number of partially active 
glands inereased from 10 to 70% of the total glands. None of the results on 
any of the three curves shows a statistical difference in the number of glands 
between the two age groups. There is no evidence that the work affected the 
number of sweat glands operative in the hot environment, although it is 
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possible that the number of active sweat glands may have changed during the 
10 min period elapsing after the end of work and before the post-work record 


was taken. 

Individual results support the findings of Randall & Hertzman (1953) that on 
there is variation in response of the palmar glands to heat, but in no instance | bu 
did our subjects maintain the activity of palmar sweating at the pre-heat ac 
level. It is probable that with Randall’s technique, where the contact of the he 
filter-paper was made for only 5 sec, no evidence would be obtained of the nv 
presence of the ‘partially active gands * noted here, where the plastic took mi 
about 30 sec to dry. ee 
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Fig. 4. The effect of exposing young (@) and older ( x ) subjects to a control environment, “a 
when the experimental procedure was identical with that in the hot environment. Se 

Fig. 4 shows the results obtained in the ‘control’ experiments. The curves N y r™ 
for total active, fully active and partially active glands follow a similar pattern Es, 
to that observed in the heat (Fig. 3), but the changes in gland activity are x 
much less marked in the ‘control’ conditions. The total number of glands fell 8 
by only 6% by the end of the first hour’s exposure. The fully active glands x 
fell from 87 to 70% of the total number of active glands, while the partially . 
active glands rose from 13 to 30%. The number of fully active glands in the led 
older group was just significantly lower than that of the younger group before Pa 
entry to the chamber (P=0-05), but at no other point on the three pairs of | d 
curves is there any difference between the two age groups. There was no . 
significant difference in the number of active glands before.entry to t!. : 
chamber either on the occasion of the ‘control’ or of the experiments in t!« a 
heat. After exposure to the heat, the figures for the three curves were sign!’ - oe 
cantly different from those of the curves for the control environment at tiic . 
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Discussion 

In the heat the total number of active sweat glands on the finger tip was 
only reduced by about 20% from the value found in the cool, pre-heat period, 
but the degree of activity of the glands varied markedly. The number of fully 
active glands decreased from 90%, of the total number of glands before the 
heat to about 30%, of the total number after 1 hr exposure to heat, while the 
number of partially active glands varied contrariwise. It was obvious that 
many of the latter were glands which were previously fully active, a fact which 
was readily confirmed by inspection of the site of individual glands on the 
plastic impressions. The reason for such a reduction is not clear (Randall & 
Hertzman (1953) do not offer any explanation), but it seems reasonable to 
suggest that the general languor experienced in a hot environment, an enerva- 
tion which frequently brings sitting subjects to a state approaching sleep, 
might induce an emotional level approaching ‘basal emotional stimulation’. 
While this hypothesis is adequate to explain these results it is not fully satis- 
factory in explaining Kuno’s observation that mental arithmetic fails to 
induce activity of palmar sweat glands. This suggests that heat is inhibiting 
the activity of palmar glands. 

In cool environments, that is, during all the periods before entry to the 
chamber as well as the period in the chamber when subjects were exposed to 
the ‘control’ environment, there was no difference attributable to age in the 
number of active sweat glands. There were, however, changes in the absolute 
numbers of the glands between the pre-control and the ‘control’ experiment, 
and these presumably reflect different degrees of apprehension or anxiety. It 
seems reasonable to postulate that the contradictory conclusions in the litera- 


- ture on the influence of age on palmar sweat gland activity in cool environ- 
ments can be explained similarly. If it is assumed that there is a given low 


number of glands, say ‘xz’, active in a state of ‘normal’ mental activity, any 
increase in mental tension will result. in an increase in the number of active 
glands up to the maximum available glands, say ‘y’, after which a further 
increase in mental tension cannot increase the number of active glands, 
although presumably the output per gland might increase. Therefore any 
differences due to age can only be detected if the stimulus invokes the activity 
of a number of glands between ‘#’ and ‘y’. Further, any differences thus 
detected may not necessarily be due to the influence of age per se but may be 
affected by the experience that age presumably confers, thereby altering the 
degree of apprehension regarding the experimental conditions. Thus, for 
instance, MacKinnon’s (1954) younger subjects (schoolboys) may well have 
considered the recording of impressions on the finger pad a more alarming 
experience than did her Chelsea pensioners. In our own experiments the 
cegree of apprehension before entry to the chamber was presumably sufficient 
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to induce the activity of nearly all available glands. Later, in the chamber, 
this apprehension was allayed in the ‘control’ conditions, while in the heat, 
the sweat gland activity was partly inhibited. 


PART II. SWEAT GLANDS ON THE GENERAL BODY SURFACE 


Kuno (1934) has shown that while the sweat glands on the general body 
surface can respond to mental stimulation, these glands are mainly activated 
by thermal stimulation. Thus the activity of the palmar sweat glands cannot 
be considered representative of the activity of the ‘thermal’ glands. If, how- 
ever, increasing age caused a reduction of activity of ‘thermal’ glands com- 
parable to that described in the palmar glands by MacKinnon (1954), the heat 
regulation of older people could be seriously affected. 

Results from this laboratory (Hellon, Lind & Weiner, 1956) suggest that the 
sweat glands of older subjects do not respond so rapidly as those of younger 
men to changes in heat load caused by performing a standard work task 
during exposure to heat. It might therefore be expected that the initial heat 
stimulus on entering a hot room would also have a delayed reaction in older 
subjects and that the initiation of sweating would be retarded. The present 
experiments were undertaken, therefore, to examine the influence of age on 
(1) the number of thermal sweat glands in action in a controlled heat exposure, 
(2) the time of onset of sweating at the start of this exposure, and (3) the 
responses of the sweat glands to changes in heat load caused by increasing 
metabolic rate. Some of the results obtained have already been described 
(Lind & Hellon, 1956). 

Methods 
These experiments were carried out at the same time as those described in Part 1 of this paper, 
so that the twenty-four subjects and the experimental time-table were the same as previously 
described. 

The number of sweat glands operating on the general body surface were examined_on three 
areas on each subject, using the technique of Thomson & Sutarman (1953). These areas, each 
2 x 1 cm, were sited: (1) on the lateral surface of the forearm, halfway between the wrist and the 
elbow; (2) on the left chest, about 5 cm directly above the nipple; and (3) on the left scapula, 
about 10 cm below the shoulder and halfway between the axilla and the spine. The areas were 


shaved and delineated by strips of adhesive tape. Records were taken from these areas at 55, 95, 
115 and 140 min after entry into the hot room. 

Adjacent and lateral to these three areas, initiation of sweating was examined on areas 5 x 5 «m 
which were shaved and then painted with a 3% solution of iodine in 95% alcohol. When the 
solution had dried, each area was lightly dusted with starch powder blown gently on the skin 
from a powder atomizer. The first appearance of the characteristic blue spots on each area was 
taken to be the time of initiation of sweating on that area. 

The plastic solution used in the technique of Thomson & Sutarman induced a local erythe™m 
on some of the subjects. This erythema usually appeared immediately on removal of the plas: 
and occurred only on the sweating skin. The erythema had nearly always faded by the time th‘ 
the plastic was re-applied for the following impression. Control experiments were carried out . 1 
the right scapula of five pairs of subjects, using three areas immediately adjacent to each oth«'. 
and successive applications of the plastic solution were made on these areas. There was »° 
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evidence to suggest that there was any inhibition or stimulation of sweat glands due to the local 
erythema when the plastic was applied to the skin at intervals of not less than 15 min. It would 
he unwise to assume that changes might not occur with more frequent applications of the plastic. 

No attempt has been made to estimate the degree of activity of individual sweat glands from 
the size of hole created in the plastic (Thomson, 1954). The white spots which were found on the 
impressions from the finger pad (described in Part 1) were not seen on the impressions from the 
general body surface. 

Rectal temperatures were recorded every 5 min from indwelling rectal thermocouples (Hellon, 
1955) inserted to a depth of 8 cm from the internal sphincter, beginning 1 hr before entrance to 
the chamber. Skin temperatures were recorded every 15 min (except during the work period) 
fiom eleven points on the body, using a hand-held 30 s.w.g. copper-constantan thermocouple 
(Belding, Darling, Griffin, Robinson & Turrell, 1945). The nude weight of each subject was 
recorded on entry to the chamber and at 60, 90, 120 and 150 min after entry to the heat. The 
balance was sensitive to +2 g. The difference in weights were taken to be the sweat losses. 
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Fig. 5. The time of onset of sweating (mean of three areas) in young (@) and in older 
( x) subjects, on exposure to the same hot environment. 


Results 


Fig. 5 shows the time of onset of sweating (mean of the three areas) for each 
of the twenty-four subjects, plotted against age. The mean times of initiation 
were 15 min for the younger group and 29 min in the older group. It is clear 
that the majority of the older group took a much longer time to start sweating 
than the majority of the younger group, although the range in both groups is 
similar. The difference between the two age groups is statistically significant 
with a probability of less than 1%. 

The means for the two age groups for the times of initiation on the three 
areas separately are set out in Table 1. Within each age group the chest and 
scapula break sweat at about the same time but the forearm takes consistently 
longer and this difference is highly significant (P < 0-001). This limited observa- 
tion agrees with Randall & Hertzman’s finding (1953) that the onset of 
sweating follows a pattern of dermatomal innervation from the feet upwards. 
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Fig. 6 shows the mean numbers of active sweat glands (on the three areas 
together) for the two age groups plotted at different times after exposure to 
heat. While there is no statistical difference in the number of sweat glands at 
any observed point on the curves, the older men have a consistently lower 
number of operative sweat glands at all times except immediately after work, 
when the numbers of glands coincide in the two groups. 
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Fig. 6. The number of ‘thermal’ sweat glands in young (@) and older ( x ) subjects in 
response to the same experiniental routine in a standardized hot environment. 


TaBLe l. The mean times and ranges (min) of onset of sweating for each age group 
on each area examined 
Scapula Chest Forearm 
Younger subjects 14-5 (11-31) 14-2 (11-31) 18-6 (13-34) 
Older subjects 27-5 (10-39) 27-4 (10-38) 32-0 (12-46) 
TaB_e 2. Sweat production (g/m*/min) in each age group throughout the experiment, 
means and ranges 


Time after entry 
to heat (min) Younger subjects Older subjects 
60 1-016 (0-794-1-639) 0-840 (0-313—1-686) 
90 4-010 (3-428-4-949) 3-504 (2-675-4-843) 
(including work) 
120 2-936 (2-081-3-698) 3-364 (2-481-4-336) 
150 2-369 (1-688-2-881) 2-574 (1-961-3-722) 
Overall rate 2-243 (1-871-2-918) 2-259 (1-921-3-286) 


Table 2 shows the amount of sweat produced in the various periods of the 
experiment. The difference in sweat production between the two age groups 
in the first hour was probably influenced by the different times of onset °f 
sweating. The younger subjects sweated more than the older subjects dumg 
the work period (0-02 > P <0-05) and less during the rest period immediate’ 
after work (0-02> P<0-05). This confirms previous observations reported | y 
Hellon et al. (1956). There was no difference in the amount of sweat produc: 1 
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by the two groups in the final rest period. The younger subjects sweated 
significantly more during the work period than they did in the period immedi- 
ately after work (P<0-001), while the sweat produced by the older subjects 
in these two periods was not significantly different. 

Fig. 7 shows the mean skin and rectal temperatures throughout the experi- 
ment. Although the young men had a slightly higher skin temperature than 
the older men before entry to the chamber, this was not statistically significant 
owing to the wide range of individual values. There was no difference in the 
skin temperatures of the two groups at the respective times of onset of 
sweating, i.e. at 15.min after entry to the chamber for the younger group and 
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Fig. 7. The response of skin and rectal temperatures of young (@) and older ( x) 
subjects to exposure to a standardized routine in heat. 


30 min for the older group. _Immediately after work, however, the older group 
had a higher skin temperature than the younger group (P <0-001); but in the 
older group the skin temperatures fell faster after work so that an hour after 
work this difference was only just significant (P< 0-05). Rectal temperatures 
in the two groups were significantly different only at 120 min after entry into 
the chamber. This was due to different patterns of behaviour in the rectal 
temperatures of the two groups after work, that of the younger men falling 


slightly but steadily after the cessation of work, while the older group main- 


tained their rectal temperatures on a plateat for some 25 min before it started 
to fall. 
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Di 

The influence of increasing age on the activity of sweat glands on the general 
body surface is revealed as a sluggish response to thermal stimulation. The 
onset of sweating in response to an external heat stimulus took twice as long 
in the older group as in the younger group in the environment used in these 
experiments. Also, when the heat stimulus was increased by introducing a 
short work period, the younger group showed an immediate increase in the 
sweat output which coincided with the period of greater heat stress, and on 
cessation of work the sweat loss diminished considerably. This was in direct 
contrast with the men of the older group whose sweat output during the 
work period was very similar to that in the period just after the work had 
concluded. | 

It seems likely that these two manifestations of the sluggish response of the 
sweat glands in the older men had a common source, but our experiments 
throw no light on the part or parts of the pathway from receptor to effector 
which might cause this delay. There is some evidence of fibre degeneration in 
nerve trunks and cell loss in cerebral tissue with increasing age (Critchley, 
1931; Kuntz; 1938; Cottrell, 1940; Gardner, 1940), and while none of these 
workers have been specifically concerned with the nervous control of sweat 
glands, it seems unlikely that other parts of the nervous system would be 
affected to the exclusion of the reflex pathways associated with thermal 
sweating. Singleton (1954) has described a slower response of older men to 
certain psychomotor tasks, which he attributes mainly to a slower central 
response, although there appears to be a tendency for a slower peripheral 
response under some conditions too. While these descriptions of slower response 
and degeneration of nervous tissue may contribute towards the understanding 
of the sluggish responses of the older men to stimulation in the present 
investigation, it does not seem likely that they can explain changes of such 
a gross nature. The precise cause of the delayed reactions of the older group 
remains to be found. | 

The limited results of these experiments tend to support the theory of dual 
control of thermal sweating (Robinson, 1949). In both groups the onset of 
sweating occurred with a raised skin temperature while the rectal temperature 
had not yet exceeded the initial value, indicating that sweating in a hot 
environment started as a result of peripheral stimulation. After the work 
period the skin temperature of both groups fell; the rectal temperature of the 
younger men fell as did sweat production, while in the older group the con- 
tinuance of raised rectal temperature on a plateau for 25 min coincided with 


only a small reduction in sweat production which was not statistically 


significant. This suggests that the activity of the sweat glands was initiated 
by peripheral stimulation and later controlled centrally by the direct action 
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of blood temperature (Snell, 1954). This argument pre-supposes that rectal 
temperature is @ reasonable approximation of the temperature of the blood 
reaching the brain. Hichna (1949), and Eichna, Berger, Rader & Becker (1951), 
in man, and Bligh (1955) in cattle, have shown that rectal temperature and 
arterial blood temperature maintain a reasonably constant difference during 
exposure to a hot environment, with rectal temperature rather higher than 
arterial blood temperature. 

Kerslake (1955) postulated that sweating is controlled solely by the tempera- 
ture of the peripheral nerve endings deep to the non-vascular epidermis. Our 
results are not susceptible to accurate treatment in a similar manner, but 
estimations based on Kerslake’s findings failed to produce any correlation of 
‘deep skin temperature’ and sweat rate. Kerslake’s results for the first and 
second days of exposure to heat were variable, and since our subjects were not 
acclimatized it is perhaps not surprising that no correlation was found. 


SUMMARY 


1. Young men (18-23 years) and older men (44-57 years) were exposed to 
cool and to hot environments and the activity of their sweat glands was 
examined. 

2. Under these experimental conditions, no differences were found in the 
number of active palmar sweat glands in the two age groups, in cool or in hot 
environments. 

3. There was a marked reduction in ‘fully active’ palmar glands on 
exposure to heat. This reduction was associated with a rise in the number 
of ‘partially active’ palmar glands. The total number of glands active in 
a cool environment was reduced by about 25% after exposure to a hot 
environment. 

4. There was no detectable difference in the number of active ‘thermal’ 
sweat glands between the two groups. | 

5. There was a marked difference in the times of onset of ‘the : 
sweating in the two groups. On exposure to the heat the younger group had 


a mean time of onset of sweating of 15 min while that of the older group was 


29 min. 

6. There was a difference between the two age groups in the pattern of 
‘thermal’ sweat response to the experimental situation; the older men dis- 
played a slower response to changes in heat load. 


Note added in proof 
While this paper was in prep ration MacKinnon & MacKinnon have reported (1956) on the 
number of active palmar sweat glands in females in summer and winter. Their finding that there 
are fewer aétive glands in summer than in winter supports our conclusions. 
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THE RELATION OF THRESHOLD TO THE K GRADIENT 
IN THE MYOMETRIUM 


By ARPAD CSAPO* 


From the Department of Embryology, Carnegie Institution of Washington, 
Baltimore, and the Institute for Muscle Research, Marine Biological Laboratory, 
Woods Hole 


(Received 24 February 1956) 


In earlier work (Csapo & Corner, 1952, 1953; Csapo, 1953, 1954a, b; Csapo & 
Goodall, 1954; Horvath, 1954) indications were obtained that the long-range 
regulation of the ovarian steroids, as well as the quick effects of ‘oxytocics’ 
on the myometrium, involve significant changes in threshold. It appears 
rewarding, therefore, to investigate parameters which determine the threshold 
in order to advance our knowledge of myometrial function and its endocrine 
regulation. 

Jenerick & Gerard (1953) demonstrated on single fibres of the frog sar- 
torius that the threshold is proportional to the resting potential excess over 
a ‘critical’ value (52-58 mV). At this critical potential, threshold becomes 
‘zero’, implying that activation in muscle is so devised that the process will 
occur ‘spontaneously’ unless it is blocked by the effect of a higher potential 
than this critical value. This latter conclusion has not been arrived at by the 
above authors, probably because the frog sartorius muscle does not exhibit 
spontaneous activity as a rule if depolarized to the critical potential. The 
reasons behind this sudden disobedience of a relation, at the critical potential, 
are now under investigation in our laboratory, taking advantage of com- 
parative experiments on different muscles. The point is only raised here to 
account for the increased ‘spontaneous’ activity of the myometrium when 
its ‘critical potential’ is approached. 

A direct correlation between resting potential and the ratio of internal to 
external potassium concentration (potassium ratio) is well and accurately 
established (see references, Jenerick & Gerard, 1953) for a great variety of 
excitable tissues. Since previous experience taught us that many basic 
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phenomena characteristic of muscle are strictly obeyed by the myometrium 
(Csapo & Goodall, 1954) we tentatively assumed that the above correlation 
also holds for the uterus. 

This assumption was necessary since technical difficulties in providing 
direct evidence for the relation between resting potential and potassium ratio 
by the use of intracellular electrodes are not yet overcome. The same difficul- 
ties in using the impaling technique apply when the relation between thres- 
hold and resting potential of the uterus is to be observed. These difficulties 
are mainly due to the small diameter (5-10) of the myometrial cell, em- 
bedded in connective tissue which, moreover, possesses an ‘intrinsic’ activity 
resulting in ‘spontaneous’ contractions. The difficulties are not only tech- 
nical, however. Observations of Biilbring (1954) and Woodbury & McIntyre 
(1954), on the taenia coli and on the myometrium respectively, may be 
interpreted to mean that the cells in muscles possessing ‘spontaneous’ acti- 
vity are not synchronously in the same functional state. The fact that an 
average of about 60mV membrane potential has been recorded in these 
muscles, with a scatter of about +20 mV, indicates functional inhomo- 
geneity. If so, in spontaneously active muscles ‘resting’ potential may not 
exist in the same sense as it does, for example, in the frog sartorius, and one 
may only speak of an average or statistical membrane potential. 

These considerations indicate that the numerical value of the statistical 
membrane potential of the myometrium may be approximated more closely 
by calculations from the intracellular and extracellular concentrations of 
potassium than by direct measurements with the impaling technique. If the 
assumption is correct, that potassium ratio and membrane potential have a 
similar relation to that found in the frog sartorius, then this approach has 
the advantage that during a step by step alteration of the potassium ratio 
(and resting potential) isometric tension can be recorded, and thus the func- 
tional state of the system as a whole can be correlated with alterations in the 
electrochemical gradients. 

Observations of this type revealed that the threshold of the myometrium 
is proportional to the log [K],/[K], (membrane potential) excess over a 
‘critical’ value. This is important since earlier studies led to the conclusion 
that the ovarian steroids alter the electrochemical gradients across the cell 
membrane (Csapo & Corner, 1952; Csapo, 1953; Horvath, 1954). These altera- 
tions readily explained some of the prominent features of the functional 
behaviour of the uterus (Csapo & Corner, 1952; Csapo, 1953, 19545; Csapo & 
Goodall, 1954; Schofield, 1954), under contrasting endocrine conditions. Thus 
the present finding that endocrine regulation involves alterations in threshold 
are consistent with, and explanatory of, previous observations. 
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MATERIAL AND METHODS 


Oestrogen-dominated uterine strips were obtained from rabbits (New Zealand white) at the 
32nd day of pregnancy, a few hours before, during and immediately after delivery. Uterine 
strips under progesterone domination were collected from rabbits 26-27 days pregnant, the 
strips being removed from the immediate neighbourhood of the placental implantation sites. 

Techniques for recording isometric tension of the rabbit uterus, in vitro, have been previously 
described in detail (Csapo, 19545). Briefly, uterine strips about 40 mm long at resting length 
were suspended in mammalian Krebs’s solution, saturated with 95% O,+5% CO,, pH 7-4, at 
temperature 37-5° C. The compliance of the lever was such that maximum shortening in tension 
measurements was less than 3% of the resting length. The muscle strip was suspended in a 
vertical tube of methacrylate polymer, 12 mm inside diameter, in which two platinum ring 
electrodes of the same diameter were mounted 6 cm apart. The strip was placed between these 
two electrodes and was therefore stimulated in a longitudinal field. The voltage gradient was 
recorded in r.m.s. values. 

Usually a threshold stimulus is determined by the strength and duration of a square-wave, 
single d.c. pulse. In the present studies stimulation was always produced by a 60 c/s a.c. current 
because previous experiments (Csapo & Goodall, 1954) with single d.c. pulses of varying dura- 
tion showed that maximum tension could not be repeatedly obtained in this way. At durations 
corresponding to that used in a,c. stimulation (0-5-5 sec) a form of ‘tetanic contracture’ was 
produced with suboptimal tension resulting in irreversible changes (polarization) in the muscle. 
Recently, Goodall (personal communication) succeeded in getting threshold response using d.c. 
pulses of short duration. Since the present experiments require repeated stimulation (one 
stimulus every 30 sec) for a period of about 60 min or more, in order to obtain steady state 
tension for every given potassium conventration in the perfusion bath ([K),), the probability of 
polarizing the muscle had to be excluded. Moreover, in many experiments the threshold current 
was approached from above (2 V/cm), after steady-state maximum tension had been obtained, 
in order to minimize the effect of ‘intrinsic’ stimulus as far as possible. Such a strong stimulus 
with a d.c, pulse irreversibly destroys the myometrium. 

Since the uterus possesses intrinsic activity giving rise to ‘spontaneous’ isometric contractions 
certain precautions are required in devising techniques for studying its threshold. The effects of 
the intrinsic stimulus and the applied stimulating current sum up, and consequently the value 
of the threshold field strength depends on the time of its application between two effective 
intrinsic stimuli. Experiments showed that if a subthreshold stimulus (of say 0-5 V/om, 1 sec 
duration) is applied repeatedly, once every 30 sec it will remain ineffective after four subsequent 
applications. But the fifth such subthreshold stimulus will break the threshold, and thus every 
fifth subthreshold stimulus becomes effective in evoking tension development. This ‘summation’ 
effect, together with functional inhomogeneity in uterine muscle, is a warning that special 
experimental procedures are required for studying the threshold of a spontaneously active 
muscle, 

Two procedures were applied in the present studies of the threshold, which were so devised 
as to minimize the effect of intrinsic stimuli on the muscle during the period of observation. 
One was the application of a series of stimuli, at a frequency greater than that of effective 
intrinsic stimuli (revealed by ‘spontaneous’ contractions), and of sufficient strength to produce 
steady-state threshold tension. The other procedure was to apply a series of optimum stimuli 
first, and after steady-state maximum tension had been recorded the stimulation strength was 
decreased in quick steps for each subsequent stimulus until no tension was recorded. The step- 
wise reduction in field strength was lessened when tension decrement indicated that the threshold 
was being approached. 

Accordingly, the threshold stimulus is defined here as the minimum field strength (using @ 
constant duration of 5 sec) which elicits steady-state suboptimal tension, or the minimum strength 
in a series of stimuli, decreasing in strength, which elicits observable tension. ae 
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RESULTS 


In studying the relation between threshold and potassium ratio in muscle, 
in vitro, the following points have to be considered. It is well established 
(see for references Boyle & Conway, 1941), that increasing the K concentra- 
tion outside the cell ({K],) results in an increase in the K concentration 
inside the cell ([K],). On the other hand, Hajdu’s experiments (1953) on the 
staircase show that small changes in the [K], result in significant changes in 
response. Experiments involving K depolarization should be performed 
therefore immediately when such depolarization occurred, and before K 
influx substantially altered contractility. This optimal conditions in our 
experiments was indicated by a tension increment followed by a steady state. 


6 30 60 90 


Fig. 1. Maximum tension, as a function of [K],, of an oest dominated uterine strip, stimu- 


lated with optimum stimulus (2 V/cm, 60 c/s a.c., longitudinal field, duration 5 sec). The 
[K], is increased in steps from 6 to 90 mm, in 6 mm steps. In each step, when an additional 
6 mm-KCl is added to the perfusion bath, the writing lever is disconnected for 3 min but 
stimulation continues once every minute. Note that tension is insensitive to an increase in 
[K], up to 30 mm. 


Moreover, if the experimental procedure involves. placing the muscle in K- 
free solution the observation should again quickly proceed to avoid intra- 
cellular K loss. 

Tension as a function of [K],. The first figure is shown to illustrate that 
tension of an oestrogen-dominated uterus is unaltered by increasing [K], up 
to about 5 times (30 mm) its normal value (6 mm), if the muscle is stimulated 
with optimum stimuli. Above this [K],, tension gradually falls. Earlier 
experiments (Csapo, 19544) lead to the conclusion that this decline in tension 
is due to a gradual loss in ‘normal’ excitability. This conclusion was based 
on the finding that maximum tension could be elicited in 120 mm-[K], with 
stimulation strength 5 times stronger (10 V/cm) than the optimal, demon- 
strating that the working capacity of the contractile system remained un- 
altered 1 in this condition; and also that an alternative pathway of stimulation 
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may exist, presumably by direct stimulation of the myoplasm (or the excita- 
tion-contraction coupling system). 

Threshold as a function of [K],. The second figure illustrates the typical 
relation of threshold to K gradient in an oestrogen-dominated uterine strip. 
At different [K], levels isometric tension was recorded as a function of 
gradually decreasing stimulation strength. Duration was kept constant and 
optimal at 5 sec. The experiment was performed as follows. Maximum ten- 
sion was first obtained in a steady state in normal Krebs’s solution by stimu- 
lating the uterus with optimum field strength (2 V/cm) once every 30 sec. 
The experiment began by decreasing the field strength in steps until no ten- 
sion was recorded (0-5 V/em). Thus the threshold in 6 mm-K Krebs’s popeon 
is 0-66 V/cm if approached from above. 


mM-KCL 
Fig. 2. Isometric tension, as a function of [K},, of an oestrogen-dominated uterine strip stimu- 


lated with stepwise decreasing stimuli (2-00, 1-66, 1-32, 1-00, 0-66, 0-50, 0-33, 0-16, 0-08 
V/cra, 60 c/s a.c., longitudinal field; duration constant at 5 sec). Note that stimulation at 
lower field strength becomes increasingly more effective as [K], increases up to 30 mM. 


The threshold strength having been obtained in 6 mm-K Krebs’s solution the lever was dis- 
connected, and [K], was increased to 12 mm by adding KCl in 0-1 ml. volume to 10 ml. bath. 
The addition of 6 mm-KCl slightly raised the ionic strength of the perfusion solution, though 
not sufficiently to impair the results, because experiments in which hypertonicity was produced 
by dextrose showed that within the limits of the present experiments hypertonicity does not 
alter excitability. After the addition of KCl, 3 min was allowed for the K to reach the extra- 
cellular space and establish a steady state. Then the lever was connected again and judging from 
tension this time was found to be sufficient for the establishment of a steady state. During the 
3 min period without recording, the muscle sample was stimulated once every 30 sec with opti- 
mum stimulus (2 V/cm) in order to have identical conditions to the previous run, except the 
change in the K ratio. In 12 mm-K Krebs the threshold decreased to 0-5 V/cm. 


This procedure was repeated, except that the [K], was raised at every 
step until 42 mm was reached. Threshold decreased gradually as the K ratio 
decreased, as a consequence of increasing [K],. The gradual decrease in the 
threshold was observed up to 30 mm-[K],. Above this [K], the uterine strips 
went into contracture and strong spontaneous activity appeared, making it 
impossible to measure quantitatively the threshold field strength. 
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Figs. 3 and 4 are plotted from Fig. 2. Fig. 3 shows the relation between 
tension and [K], as a function of stimulation strength. It can be seen that 
above a certain field strength value (1 V/cm) tension development is insensi- 
tive to partial depolarization. Below this value, on the other hand, tension 
development becomes increasingly sensitive to depolarization as the strength 
of stimulation decreases. 
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Fig. 3 Fig. 4 
Fig. 3. A plot, made from Fig. 2, illustrating the relation between tension and [K), as a function 
of stimulation strength. Note that above a certain field strength (1 V/cm) tension is insensi- 
tive, whereas below this value it becomes increasingly sensitive, to [K], (partial depolariza- 
tion). Note also that irrespective of the field strength, tension at any given field strength 
is maximal at about 30 mm-[K],. 


Fig. 4. A plot, made from Fig. 2, illustrating the relation between tension and stimulation 
strength as a function of [K],. This plot is only made to indicate the effect of ‘latent’ spon- 
taneous activity on the threshold. The solid lines connect points obtained experimentally. 
The broken lines were drawn as straight lines connecting tension values at higher field 
strengths, where spontaneous activity is relatively ineffective on tension development. Note 
that the two lines deviate increasingly as [K], is increased. 


The effect of ‘spontaneous activity’ on threshold. Fig. 4 illustrates the rela- 
tion between tension and stimulation strength as a function of [K],. This 
plot is made to indicate the likely effect of ‘latent’ spontaneous activity on 
the threshold. With normal, or moderately increased [K], (slight depolariza- 
tion) the experimental points fell on a straight line. As [K], is increased 
(depolarization increased) the points deviate more and more from the straight 
line obtained by extrapolation from tension values recorded at higher field 
strengths. 

It is likely that the experimental points do not represent the true relation. 
The fact that stimulation at higher field strength indicates a straight-line 
relation, and conversely that deviation from a straight line occurs only with 
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stimulation at lower field strength values, suggest interference by spon- 
taneous activity. We have observed (unpublished results) that spontaneous 
activity of the oestrogen-dominated uterus, i.e. the rhythmic contractions of 
the unstimulated myometrium, increases with increased depolarization. It is 
posible, therefore, that the deviation of the experimental curve from a 
straight line is the result of the effect of spontaneous activity, in addition to 
that of the applied electrical stimulus. We have also observed that spon- 
taneous activity can be temporarily suppressed by repeated stimulation with 
higher field strength. 


6° 12 24390 
mM~-KCL 
Fig. 5. Isometric tension, as a function of [K],, of an oestrogen-dominated uterine strip stimu- 


lated (throughout the whole experiment) with a field strength (0-5 V/cm) which was the 
threshold strength in a normal Krebs’s solution (6 mm-K). Duration was kept constant at 
5 sec. Threshold strength is defined here as the minimum field strength which upon repeated 
application elicits a steady-state threshold tension. Note that tension increment reaches a 
climax around 30 mm [K],, where it becomes practically maximal. 


Threshold stimulus and maximum tension. Fig. 5 illustrates an experiment 
with minimum field strength of stimulation (duration constant at 5 sec), 
which upon repeated application gave rise to steady-state threshold tension. 
The minimum field strength having been established it was kept constant 
throughout the whole experiment and was applied uninterruptedly once 
every 30sec. Five isometric contractions were recorded at each [K],. Then 
the lever was disconnected, and while stimulation was continued the [K], 
was increased. Here, as before, 3 min was allowed for the added K to diffuse 
into the extracellular space. As the [K], was increased and consequently the 
K ratio decreased, a decrease in threshold was manifested by a tension 
increment when the lever was connected again. At about 30 mm-[K], maxi- 
mum tension was recorded with a stimulus which was found to be the thres- 
hold strength in 6 mm-[K],. This observation is in good agreement with that 
illustrated by Fig. 2, indicating that the critical [K], at which threshold 
becomes ‘zero’ is around 30 mm, with the oestrogen-dominated uterus ‘at 
term’ (at the time of Gelivery). Above this [K],, as in previous experiments, 
contracture appeared. 
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The critical [K], and ‘zero’ threshold. The results of a number of experiments 
similar to that illustrated by Fig. 2 with uterine strips at term (oestrogen- 
dominated) are shown in Fig. 6. Log [K], is plotted against threshold field 
strength to approximate the critical [K], where threshold becomes zero. 
Since the points (open circles) fall close to a straight-line extrapolation to 
zero threshold was possible. Extrapolation was necessary, because in the 
neighbourhood of zero threshold the experimental procedure becomes in- 
accurate owing to the interference of strong spontaneous activity. The value 
obtained by extrapolation indicates that with the myometrium ‘at term’ the 
threshold becomes zero when the muscle is immersed in 30 mm-K Krebs’s 
solution, i.e. when [K], is increased five times above normal. 


1 3 6 12 18 24 % 
Fig. 6. A plot, made from experiments similar to that illustrated in Fig. 2 where threshold had 
been approached from above (upper line), and from experiments in which it had been 
approached from below (lower line). The graph illustrates the relation between threshold 
stimulus and log [K],. Extrapolation to ‘zero’ threshold indicates that the critical [K], is 
around 30mm. Note that within the limits of the present experiment the experimental 
values fall close to a straight line. Also, that the threshold value at any given [K], is lower 
when the threshold is approached from below. 


It appears to be significant that in experiments in which threshold is 
approached from below the values are lower (filled circles). These experiments 


were similar to those shown in Fig. 2, except that steady-state maximum ~ 


tension was not obtained with optimum field strength before the experiment 
began, and that the field strength was not increased above the threshold 
value. The reason for applying a series of optimum stimuli before studying 
threshold was to suppress spontaneous activity and its effect on the threshold. 
Conversely, in avoiding superthreshold stimuli before and during the exper'- 
ment, we intended to show the effect of spontaneous activity on threshold. 
The different values for threshold in the two sets of experiments, when thres- 
hold is approached from above and from below, may be explained by the 
effect of spontaneous, intrinsic stimuli, which contribute to the effect of the 
applied field, and are more effective when threshold is approached from below. 
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The effect of progesterone on excitability. To illustrate how drastically endo- 
crine regulation alters threshold, excitability, and the functional behaviour 
of the myometrium, Fig. 7 is shown. This record was obtained as was Fig. 5, 
the only difference being that the sample here was taken from a 27-day 
pregnant rabbit and the myometrium was therefore progesterone-dominated. 


50} 
3 
mM-KCI 
Fig. 7 Fig. 8 
Fig. 7. Illustrates the same experiment as shown in Fig. 5, the only difference being that the 
uterine sample was taken at the 27th day of pregnancy (progest dominated). Note 


that tension does not improve with increasing [K], if the muscle is stimulated at the 
threshold. Only contracture increases. Contracture decreases while tension increases when 
the [K], is lowered to 3 mm (half the value in normal Krebs’s solution). 


Fig. 8. Illustrates the relation of tension to the K ratio at the threshold. Open circles represent 
the behaviour of the ocestrogen-dominated myometrium. Experiment the same as shown in 
Fig. 5. Filled circles (and hatched area) refer to progest e-dominated myometrium; 
experiment the same as shown in Fig. 7. Solid lines connect tension values, whereas broken 
lines indicate the magnitude of contracture. Note that the critical potential at which con- 
tracture appears and tension declines is different with the two uteri in different endocrine 
states. Note also that hyperpolarization (decrease in [K)},) has different effects in the two 
contrasting endocrine states. 


The muscle is in partial contracture. Its spontaneous activity is so frequent 
that it cannot be overridden by threshold stimuli. Tension is improved and 
contracture lessened by increasing the K ratio (hyperpolarization). By 
decreasing the K ratio no tension increment can be produced, and only con- 
tracture increases. This unique behaviour of the progesterone-dominated 
myometrium around 6 mm-[{K], is similar to that of the oestrogen-dominated 
uterus above 30 mm-[K],. This particular point becomes obvious when results 
obtained with oestrogen- and progesterone-dominated uteri are plotted on 
the same graph, as shown in Fig. 8. It appears from this graph that in 
normal Krebs’s solution the progesterone-dominated uterus has a K ratio at 
or below the critical value. This conclusion explains the difficulties in studying 
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the threshold of a progesterone-dominated myometrium. Furthermore, the 
threshold relation with the progesterone-dominated myometrium is com- 
plicated by the fact (Csapo, 1955) that conduction is also greatly reduced 
under progesterone domination. In order to be certain that the threshold 
stimulus was effective, larger tensions than that elicited by spontaneous 
activity should be observed. Reduced conductivity, however, limits tension 
development. Thus to obtain tensions comparable to those of the oestrogen- 
dominated uterus the field strength has to be increased substantially. A 
further complication arises from the observation that the removal of Ca from 
the perfusion bath results in a drastic decline of maximum tension under 


20r 0 Ca*+ 
| 
3 6 12 18 24 3% 


Fig. 9. Illustrates the relation between threshold and log [K], as a function of [Ca],. A plot, 
made from experiments similar to that shown by Fig. 2. The uterine strip is oestrogen- 
dominated. Note that as the [Ca], is decreased threshold increases, moreover that with 
increasing [K], the difference in threshold at different [Ca], becomes less prominent. 


oestrogen and practically no change under progesterone domination. How 
effectively Ca lack increases threshold is demonstrated on the next record. 
Thus under progesterone domination the threshold may be affected, not only 
by a change in membrane potential but also by other changes indicated by 
the different effect of Ca lack on tension under contrasting endocrine condition. 

The effect of Ca on threshold. Fig. 9 illustrates the effect of lowered Ca in 
the perfusion bath on the threshold of the oestrogen-dominated myometrium. 
It can be seen that as the [Ca] is decreased in the perfusion bath, threshold 
increases at any given [K],, i.e. at any given extent of depolarization of the 
cell membrane. But as the extent of depolarization increases, the effect of 
Ca lack, on increasing the threshold, becomes less prominent. 
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DISCUSSION 


These experiments show that the relation of the threshold to K ratio in the 
oestrogen-dominated uterus is similar to that found in skeletal muscle. The 
results also suggest that at any given [K], the membrane potential of the 
progesterone-dominated uterus is nearer to the critical potential. This may 
be explained by a lowered K gradient under progesterone domination. How- 
ever, for a drop in the K gradient to account for these results one has to 
assume that the [K], of the progesterone-dominated myometrium is about 
one-fifth what it is in the oestrogen-dominated uterus. This estimation is based 
on the finding that the progesterone-dominated uterus at [K],=6 mm 
behaves as the oestrogen-dominated uterus does at [K],=30mm. Such a 
large drop in the [K}, of the progesterone-dominated myometrium does not 
take place. Horvath (1954) found only about a 25°% drop in the [K], of the 
progesterone-dominated myometrium. This change is insufficient to explain 
the present results in terms of lowered membrane potential alone. Thus 
besides a lowered membrane potential, other changes, altering excitability 
under progesterone domination, have to be considered. A 50%, increase in 
[Na], (Horvath, 1954), and a relative insensitivity of tension to Ca lack 
(Csapo, 1955) are the striking characteristics of the progesterone-dominated 
myometrium as compared to that of the oestrogen-dominated. The effect of 
these ions on excitability is now being investigated. The present results only 
allow us to postulate that under progesterone domination the critical poten- 
tial is changed, or else that the resting potential, in this muscle, does not 
agree with the K ratio. 

Since potential measurements were not included in the present experiments 
the relation between resting potential and threshold in the oestrogen- 
dominated myometrium was not demonstrated by direct evidence. As 
pointed out, however, in the introductory part an attempt to record mem- 
brane potential after K depolarization in a spontaneously active muscle may 
not convincingly prove the above relation since these muscles appear to have 
functional inhomogeneity and may only possess an average or statistical 
membrane potential. 

Using Horvath’s values for intracellular [K] of the oestrogen-dominated 
myometrium, the membrane potential in regular Krebs’s solution (6 mm-K) is 
calculated to be 63 mV if we use a 44 mV slope (Jenerick & Gerard, 1953) 
for a tenfold increase in the [K],. If we take 63 mV as the approximate value 
for the statistical membrane potential of the oestrogen-dominated myo- 
metrium, then it follows that the membrane potential is only slightly above 
the critical resting potential value of the frog sartorius (52-58 mV). In such 
a uterus soaked in 12 mm-K Krebs’s solution the membrane potential would 
be 49 mV, lower than the critical potential of the frog sartorius. We have 
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found, however, that the critical potential of an oestrogen-dominated myo- 
metrium is obtained when the muscle is placed in a mammalian Krebs’s 
solution containing 30 mm-K. The calculated membrane potential in this 
condition is 32 mV. The discrepancy between the critical potential values of 
the frog sartorius and the rabbit myometrium may be explained by the 
following alternatives: 

(1) In the myometrium the critical membrane potential is lower than in 
the frog sartorius. 

(2) If we calculate with a 58 mV rather than a 44 mV slope the resting 
potential in 6 mm-K Krebs’s solution is 82 mV and in 30 mm-K Krebs’s 
solution is 42 mV; thus the difference becomes considerably smaller. 

(3) Horvath’s value for intracellular [K] is 158 m-equiv/kg cell water. 
Although the samples were taken under strong oestrogen domination the 
animals were not pregnant. At term oestrogen domination appears to be at 
its climax, and thus the intracellular [K] may be somewhat higher than 
158 m-equiv/kg cell water, which would increase the values for both the 
critical and the membrane potentials. 

It is of considerable importance to decide which of these (or other) explana- 
tions is the valid one. The above alternatives are listed only to indicate the 
direction of future work. 

Woodbury & McIntyre (1954), using the impaling technique, found 32- 
52 mV membrane potentials in the myometrium of 1-4 days post-partum 
rabbits. Their average would be about 40 mV. This average membrane poten- 
tial, much lower than our calculated value, may be partly explained by 
differences in the endocrine states of the two groups of uteri. Our experi- 
ments indicate that a few hours after delivery the endocrine conditions are 
drastically changed, presumably by the withdrawal of oestrogen before term. 
But functional asynchrony of the myometrium also should be considered in 
the explanation. 

From a functional point of view it appears to be significant that the thres- 
hold excitability of the myometrium under strong progesterone domination 
cannot be improved by lowering the K ratio. This finding is consistent with 
the assumption that under progesterone domination the membrane potential 
of the myometrium is very close to the critical value, a conclusion which is 
further supported by the observed high-frequency spontaneous activity of 
reduced amplitude, the tendency to contracture and poor conduction. Jenerick 
& Gerard (1953) noticed that frog sartorius fibres with resting potentials 
slightly below the critical value showed only ‘local responses’ and contrac- 
tures, but graded responses were obtained by increasing the field strength 
considerably. This latter behaviour is also characteristic of the progesterone- 
dominated myometrium, in which conduction is impaired. 

Significant as it is to establish accurately and quantitatively the membrane 
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potential under progesterone domination, specifically in relation to threshold, 
this task appears to be difficult. If the membrane potential is significantly 
higher than the critical value, as appears to be the case under oestrogen 
domination, inaccuracy of a few mV in the measurement or in the calculation 
does not substantially alter conclusions and interpretations. But if the sup- 
position is correct that under progesterone domination the membrane poten- 
tial of the myometrium is close to the critical value, then Jenerick & Gerard’s 
observation (1953) that a difference of +1-2mV in membrane potential 
drastically alters excitability, becomes extremely significant in interpreting 
results. The impaling technique, as applied so far to the myometrium, does 
not promise such accuracy. It is also questionable whether more accuracy 
can be expected from measurements of intracellular ionic concentrations, 
because of the relative inaccuracy in determining extracellular space. More- 
over, small alterations in progesterone treatment significantly influence the 
results. It is not surprising therefore that the few observations on the thres- 
hold of progesterone-dominated myometrium are not in clear agreement. The 
first paper published on the subject claimed that progesterone increased the _ 
threshold of the myometrium (Csapo & Goodall, 1954). Threshold stimulus in 
these experiments was characterized by the minimum field strength which, 
when applied, elicited a larger tension that that developed spontaneously. 
Since then it has been observed that progesterone alters conduction. Thus 
the increment of tension above the value obtained by spontaneous contrac- 
tions may not be an adequate measure of threshold. If the membrane poten- 
tial of these uteri were below the critical value, however, then these results 
are in agreement with the present data. 


SUMMARY 

1. Uterine muscle, from rabbits under oestrogen and progesterone domina- 
tion, was studied, in vitro, for the relation between threshold and [K},/[K],. 
It was observed that threshold is largely determined by the excess of [K],/ 
[K], (membrane potential) over a ‘critical’ value, in agreement with findings 
on the frog sartorius. 

2. At the critical potential (when threshold becomes ‘zero’), however, the 
frog sartorius remains at rest, whereas the myometrium exhibits maximum 
spontaneous activity. Below this value sustained contracture develops and 
tension drastically declines, making quantitative studies on the threshold 
impossible. 

3. Uterine muscle under progesterone domination behaved in [K],=6 mm 
in a similar fashion to the oestrogen-dominated myometrium when the latter 
was depolarized to the critical potential by [K], =30 mM. This suggests that 
under progesterone domination the membrane potential in the myometrium 
is very close to the critical value. 
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4. These findings are consistent with earlier conclusions that the ovarian 
steroids alter the ionic gradients of the myometrium. The effects observed are 
useful in explaining the functional behaviour of the myometrium under 
contrasting conditions. 


The author is grateful to Dr Albert Szent-Gydrgyi and the staff of the Institute for Muscle 
Research, Marine Biological Laboratory, 
of discussions. 
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DELINEATION OF MOTOR AREAS IN THE CEREBRAL CORTEX 
OF THE GOAT 
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From the Department of Physiology, 
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(Received 27 February 1956) 


In contrast to the detailed examination of the motor cortex of carnivores and 
primates only a very limited study has been made of the functional organiza- 
tion of the cerebral cortex of ungulates. The disposition of regions of the 
cerebral cortex of the sheep, which on stimulation produce somatic motor 
activity, has been demonstrated by a number of workers (see Bagley, 1922), 
but only one investigation has been carried out on the goat (Clark, Ward & . 
Dribben, 1941). The results reported were obtained mainly by faradic stimula- 
tion from an inductorium and are somewhat indefinite and contradictory. 

The experiments described here, mostly acute but some chronic, were 
carried out to obtain information on the stimulable areas of the goat cortex 
before ablation experiments designed to assess the part played by the cerebral 
cortex in the control of the ruminant stomach. The results obtained supple- 
ment and extend those of Clark et al. (1941) and make an interesting comparison 
with the motor cortex of the baboon (Liddell & Phillips,’1951). 


METHODS 


Castrated male English crossbred goats were used, varying in age from 1 to 12 months and in 
weight from 5-5 to 45 kg. 

A number of anaesthetic procedures were used in an attempt to find the best possible condition 
of the cortex for electrical stimulation. Anaesthesia was induced either by thiopentone sodium 
(25 mg/kg 1.v.), or by chloroform, and continued with ether from an anaesthetic machine con- 
nected to the cannulated trachea. In some cases hexobarbit dium alone was used throughout 
the experiment. 


After craniotomy the animal was suspended on a bar which allowed free movement of the head, 
body and legs. Just before stimulation the dura mater was opened above that part of the cortex 
which was to be stimulated and the region photographed so that points of stimulation could be 
recorded accurately. The exposed cortex was kept covered with liquid paraffin at 38° C. 

For unipolar stimulation a Sherrington spring-mounted electrode was used. In early experi- 
ments the indifferent electrode was placed in the anus but later a 1 in. square silver plate, placed 
between the bone of the skull and the adjacent muscle, was substituted for the anal electrode. 
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Insulated silver wire was used in the construction of bipolar electrodes, the individual ball-tipped 
electrodes being separated by a distance of 3mm. In the chronic experiments electrodes were 
placed on the cortex according to the method described by Delgado (1952). 

The square pulses used in stimulation were obtained from a stimulator designed by Attree 
(1950), and modified by Copeland (1951), which provides constant current or constant voltage 
output and a great variety of pulse duration and frequency. Alternating current was obtained 
from an oscillator via a transformer which had a potentiometer across the secondary coil. 


RESULTS 


Repetitive stimulation 
The region of the cerebral cortex from which somatic motor activity can be 
obtained is restricted to a small area of the medial antero-dorsal aspect of the 
hemisphere. Within this restricted area, which embraces a part only of the 


superior and middle longitudinal gyri, the nature and degree of the response 
evoked was similar in all the goats used (Fig. 1). 


Fig. 1. Dorsal and lateral views of the cerebral cortex of the goat showing the areas which on 
stimulation produce somatic motor responses. Stimulus 5 msec square pulses at 50/sec at 
1-1-5mA. Coarse stippling, contralateral leg, neck and eye responses; fine stippling, 
ipsilateral lip response. 


Activation of the muscles of the limbs, body and neck could be obtained 
only from a part of the superior longitudinal gyrus. Movement of the fore- 
limb, usually clonic, was the most readily induced and constant response that 
could be obtained. The muscular contractions that could be evoked from this 
region of the cortex always occurred contralaterally. Occasionally other 
movements such as adduction, abduction and splaying of the claws were 
obtained. Contralateral hindlimb movement could not be obtained as a 
separate movement but contralateral forelimb and ipsilateral hindlimb move- 
ment often occurred together. If the period of stimulation was prolonged 
facilitation caused paddling movements in all four limbs together with 
movements of the tail. The part of the superior longitudinal gyrus yielding 
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these responses extends 2 cm forward from the splenial sulcus. In a minority 
of animals stimulation of the superior longitudinal gyrus immediately in front 
of the limb region produced contraction of the neck muscles of the opposite 
side so that the head was turned contralaterally. From this same region, 
again in a minority of experiments, contralateral deviation of the eyes could 
be provoked and more rarely nystagmoid movement (Fig. 3). 

The threshold for these various responses varied from animal to animal but 
in most cases the forelimb responses have the lowest threshold. With stimuli 
of 1 msec duration at 100/sec the threshold producing a motor response was 
1-5 mA. Increasing the frequency did not better the response, but when the 
pulse length was increased to 5 msec responses could be elicited with stimuli 
of 1-1-5 mA at 50/sec. Using alternating current at 50/sec the voltage threshold 
was 1-0 V. These thresholds were similar for both unipolar and bipolar 
electrodes. 

A small portion of the middle longitudinal gyrus adjacent to the rostral 
extremity of the diagonal sulcus gave ipsilateral lip contraction on stimulation. 
These responses were readily produced and constant in all animals examined. 
The lip movement noted was a spastic contraction mainly of the lower lip, 
although the upper lip was sometimes activated and often both lower and 
upper lip contracted together. This response was elicited by both dnipolar 
and bipolar electrodes carrying 50-cycle a.c. at 1-5-3-0 V or 5 msec square Wave 
pulses at 50/sec and 1-0 V. 

Attempts were made to stimulate the cortex deep in the coronal sulcus. 
To do this the pia was stripped carefully and the sulcus opened with as little 
damage as possible. No responses were obtained from either unipolar or 
bipolar electrodes. | 

A number of responses associated with electrical stimulation were evoked 
from regions rostral to the somatic motor and lip areas described above. 
Swallowing, jaw and tongue movements were noticed but only when strong 
currents were used. These responses were usually associated with light anaes- 
thesia, and in some instances they were probably due to stimulus spread so 
that structures in the head were stimulated through channels not necessarily 
originating from the cerebral cortex immediately beneath the electrodes. 


Single shocks 
The optimal pulse length was 5 msec, when thresholds with a constant 
current ranged from 1 to 5mA. The somatic motor area of the superior 
longitudinal gyrus could not be excited by single shocks even with current 
well above those known to excite the analogous area in other species (Liddell 
& Phillips 1951). 
The ipsilateral lip area was shown by the single shocks to be made up of 


two separate areas: an upper lip area lying in front of a lower lip region. These 
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two areas are quite distinct and of limited extent when defined by currents of 
1-3 mA with pulses of 5 msec duration. As the stimulus current is increased 
to 5mA the area of responsive cortex increases and the two lip areas show 
considerable overlapping (Fig. 2). 


(a) (b) (c) 


Fig. 2. Anterior view of goat cerebral cortex showing regions which on stimulation with single 
stimuli produce a twitch response in the lips. pets TS 
in (6) and 3-5 mA in (c). Lower lip response—vertical lines; upper lip resp 
lines. As the current is increased the two separate regions show considerable overlapping. 


Chronic experiments 

Each set of electrodes had seven individual electrodes set 2 mm iad in 
a thin plate of polythene, thus affording six loci at intervals of 2 mm for 
bipolar stimulation. An attempt was made to place two sets of electrodes on 
the cortex of three goats. The goats showed no apparent discomfort due to the 
presence of the electrodes, tolerating them without any trouble for several 
months, On examination post-mortem only very limited success was seen since 
only one set was shown to have been properly placed beneath the dura yet 
resting on the surface of the cortex. The other five sets had been plunged into 
the depth of the cerebral hemisphere, but without causing any subsequent 
change in posture, locomotion or habit of the animal. Electrical stimuli 
through these electrodes did not produce any ‘eect except in the case 
mentioned below. 

In one case a set of electrodes had been pushed forward over the left 
reactive cortex but was placed about 1 mm below the surface. This set of 
electrodes produced responses which could be repeated over several months. 
All six couplings produced separable motor reactions (Fig. 3) from before 
backwards: slight turning of head to left (point 1), ipsilateral contraction of 
lip (points 2 and 3), contralateral stepping movement of right foreleg (points 
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4-6). The threshold for these stimuli was high and the responses were only 
obtained with repetitive stimuli of 50 or more per sec. The response was 
enhanced with an increase of frequency up to 250/sec. Point 5 produced the 
best contralateral leg response ; the electrodes lying on each side gave a similar 
response but of less degree. 


cm. 
Fig. 3. Anterior view of goat cerebral cortex showing the position of a set of indwelling electrodes 
on the right and the disposition of stimulable regions on the left. Coarse stippling, contra- 


lateral leg, neck and eye responses ; fine stippling, ipsilateral lip response. Of the seven electrode 
tips shown in the set, electrode 1 is at the bottom and electrode 7 at the top. For details of 
electrode coupling and results of stimulation see text. ; 


DISCUSSION 


The disposition of regions of the superior longitudinal gyrus of the goat 
cerebral cortex which responded to repetitive electrical stimuli as shown by 
our experiments agrees in the main with the results of Clark et al. (1941). The 
posterior limit of this reactive area in the goat is the splenial sulcus, whereas 
in the sheep the reactive area extends posteriorly to the ansate sulcus (Simpson 
& King, 1911; Bagley 1922). Unlike other workers who have examined this 
region in ungulates we were unable to delimit regions of the superior longi- 
tudinal gyrus which were restricted to foreleg or hindleg movement only. 
Contralateral foreleg movement was the most readily evoked response, but 
when repetitive stimulation was continued the ipsilateral hindleg was often 
activated. With suprathreshold stimuli all four legs were induced to make 
co-ordinated paddling movements together with movements of the tail. 
Evocation of hindlimb activity as a definite separate entity did not occur. An 
area of the superior longitudinal gyrus in front of the leg area yielded contra- 
lateral contraction of the neck muscles and contralateral deviation of the eyes. 

The area of the middle longitudinal gyrus, which our experiments show can 
be activated to produce ipsilateral lip contraction either by repetitive or 
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single shocks, was not mentioned by Clark e¢ al. (1941). In the sheep, however, 
Bagley (1922) obtained contraction of ipsilateral muscles of the face, and 
especially of the upper lip, on faradic stimulation of this region. In the goat 


«/- our experiments show that the ipsilateral response is restricted to contraction 


of the lips. This response can be induced by repetitive stimuli which produces 
spasm of the lip and by single-pulse stimuli which cause a twitch response of 
the lip. The positive and stable ipsilateral lip response of the middle longi- 
tudinal gyrus to single shocks is in marked contrast to the complete unre- 
sponsiveness to such stimuli of the area of the superior longitudinal gyrus 
which produced contralateral limb movement with repetitive stimuli. The 
area of the reactive cortex and the nature of the response was similar in all 
age groups. 

The ipsilateral lip area is divisible into two separate areas by single-pulse 
stimulation, an area referable to the upper lip lying in front of the lower lip 
area. As the strength of the single shocks is increased above the threshold, 
so the area which can be excited extends and overlapping of the two areas 
occurs causing simultaneous twitch responses in both lips. This result is 
comparable to the overlapping shown by Liddell & Phillips (1951) to occur in 
the precentral gyrus of monkeys on single-pulse stimulation. 

The complete lack of response of the ‘motor-cortex’ of the goat to single- 
pulse stimuli is interesting because this region has been related phylogenetically 
to the precentral gyrus of higher mammals (Huber, 1934). It has been shown 
that the superior longitudinal gyrus in the sheep has large motor-type cells 
which are considered to provide at least a proportion of the fibres of the 
cortico-spinal tract (Tower, 1944). Marchi studies in the sheep, however, show 
that the medullated fraction of the cortico-spinal tract, although it decussates 
normally in the posterior medulla, terminates in the proximal cervical segment 
(King, 1911; Bagley, 1922). In consequence the cortico-spinal tract in 
ungulates cannot be regarded as an afferent nerve to the spinal motoneurones 
as it can in primates (Liddell, 1953). In fact the pyramidal tract in ungulates 


cannot be given the usual synonym of ‘cortico-spinal’ since the medullated” \ 


axons do not extend to spinal levels. The abbreviated course of the pyramidal 
tract in ungulates accounts for the complete lack of response in the limb when 
the appropriate cortical region is activated by single-pulse stimulation. On 
the other hand, when repetitive stimuli are used, motor activity occurs in the 
limbs owing to the development of facilitation. In addition, it has been shown 
that bilateral ablation of the stimulable region of the superior longitudinal 
gyrus of the goat does not affect limb movement or locomotion, thus indicating 
that cortical areas are not important in the co-ordination of the limbs 
(Amoroso, Bell & Lawn, 1954). King (1911), after making experimental lesions 
in the lower part of the medulla oblongata and in the spinal cord, has shown 
that tracts which are subcortical in origin play a major role in controlling the 
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movements of all four limbs in the sheep; it is probable that a similar control 
occurs in the goat. 

The fact that the middle longitudinal gyrus is the only region of the goat 
cortex which shows a responsiveness to single-pulse stimuli like the precentral 
gyrus of the baboon suggests a functional similarity between these regions in 
the two species. In the sheep, Marchi studies (King, 1911) have shown that the © 
excitable area of the middle longitudinal gyrus, which has large motor-type 
cells, does not contribute fibres to the pyramidal tract but forms a tract which 
terminates ipsilaterally in the region of the facial nucleus. In the goat, there- 
fore, the ipsilateral fibres from the middle longitudinal gyrus subserve a 
similar function to the contralateral fibres of the cortico-spinal tract arising 
from the precentral gyrus of the primates in the sense discussed by Liddell 
(1953). In each case uninterrupted nerve fibres connect with the effective 
motoneurone, the motoneurone of the facial nucleus in the case of the goat 
and the spinal motoneurone in the primate. In both species the cerebral cortex 
is mediating impulses which control fine and highly skilled movement at the 
periphery, for in the goat prehension is effected by fine and delicate movement 
of the lips comparable to the fine movement of thumb and index finger in the 
primate. 

Earlier workers refer occasionally to group activity on stimulating the 
cerebral cortex of ungulates, for example, sucking (Simpson & King, 1911), 
rumination (Clark e al. 1941). We have been unable to repeat any of these 
findings, which must be considered with reserve because of the possibility of 
spread and escape of the stimulating current especially when some of the 
experiments were carried out under local anaesthesia. 


SUMMARY 

1. The cerebral cortex of anaesthetized goats was stimulated with unipolar 
and bipolar electrodes. 

2. Only a small area of the medial orbito-frontal pole, embracing a part 
only of the superior and middle longitudinal gyri, can be excited to produce 
somatic motor responses. 

3. From the superior longitudinal gyrus contralateral clonic movement is 
produced readily in the forelimb but all four limbs may respond by facilitation. 
Ipsilateral contraction of the lips can be obtained only from the middle 


longitudinal gyrus. 
4. The localization was confirmed by stimulation of an unanaesthetized 


- goat with indwelling electrodes. 


5. Although both areas respond to repetitive stimuli, only the ipsilateral 
lip area responds to single pulse stimulation. 

6. The pyramidal tract of ungulates is discussed in relation to that of 
primates. It is suggested that ipsilateral fibres from the middle longitudinal 


r, 
id 
at 
mn 
of 
e- 
ne 
ill 
ip 
d, | 
is 
in | | 
e- 
m 
ls 
ne 
nt 
in 
es 
| 
al | 
nh 
yn 
e 
| 
al 
ig | 
ns 
mm 


166 F. R. BELL AND A. M. LAWN 


gyrus of goats may subserve a similar function to the contralateral fibres of 
the precentral gyrus of primates. 
7. Purposive activity such as sucking and rumination was not obtained; 
such responses described by other authors may be due to spread of stimulus 
to extracortical regions. 
' 8. The evoked responses were identical in goats of 1-12 months, thus 
indicating that maturation of the cerebral cortex does not occur after birth. 


We are grateful to Professor E. C. Amoroso for his interest and encouragement in this work, to 
Mr A. Fowler for tending the animals and to the Central Research Fund of the University of 
London for a grant. 
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THE NITROGEN BALANCE OF PREGNANT RATS 


By 8. D. MORRISON 
From the Institute of Physiology, University of Glasgow 
(Received 1 March 1956) 


It was shown by Bar (1907) that, on an adequate diet, there is a net gain of 
nitrogen by the bitch between the beginning and end of pregnancy, even when 
losses in foetuses and membranes at parturition are taken into account. Both 
Bar (1907) and Murlin (1910) found, however, a tendency to negative balances 
in the first half of pregnancy in the bitch. In the rat, on an adequate diet, a 
net gain, or slight loss of nitrogen over the period of pregnancy as a whole has 
been shown by Morse & Schmidt (1944) and by Spray (1950). Calculation 
from a diagram given by Beaton, Beare, Heh Ryu & McHenry (1954) indicates 
a slight deficit of nitrogen after parturition in the rat, but a positive nitrogen 
balance over each 3-day period of pregnancy. 

Many workers have observed a fall in food intake during the last days of 
pregnancy in the rat. Slonaker (1925) found a rapid fall starting at the 18th 
day of gestation, from about 110% of the non-pregnant level down to 60%. 
Murray (1941) also found this rapid decline in the food intake in the last days 
of pregnancy. Cole & Hart (1938) found a decline, but it was not so marked 
and the final level of food intake remained well above the non-pregnant level. 

It seems of interest, therefore, to inquire whether the final nitrogen gain of 
the pregnant rat is achieved more or less uniformly during pregnancy, or 
whether the nitrogen gain in the first 15-18 days of pregnancy has to be 
sufficient to offset, not only the losses at parturition, but also a possible 
negative balance in the last days of pregnancy caused by the drastic reduction 
in food intake. 


METHODS 
The data on nit hb were obtai das part of a wider investigation of the total metabolism 


of the rat during pregnancy. Daily nitrogen balances were made during the last 7 days ante- 
partum, during a total of five pregnancies in three hooded rats. Data from seven series of 5-day 
periods were available for the same rats before and after the pregnancies studied. The rats were 
fed ad libitum on @ stock diet (diet 41 of Bruce & Parkes, 1949). Daily food intake was recorded. 
The total nitrogen of food, of urine and of faeces was estimated by a micro-Kjeldahl method 
(Ma & Zuazaga, 1942). 
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RESULTS 


The mean values for food intake fell fairly uniformly throughout the last 
7 days ante-partum, while the mean values for nitrogen balance remained 
positive. In Fig. 1 the food intake has been expressed in terms of its nitrogen 
content; this allows the components of nitrogen balance to be figured. In each 
of three pregnancies, one negative value for nitrogen balance appeared on the 
4th or 3rd day ante-partum. The fall and recovery of nitrogen balance apparent 


in Fig. 1 is not statistically significant, although it was pronounced in three » 


Nitrogen (mg) 
6 8 & 


7 


6 
Days ante-partum Parturition 


Fig. 1. Nitrogen exchange during the last 7 days of pregnancy in the rat. Total block is food N, 
black segment is urinary N, hatched segment is faecal N and open segment is N balance. 
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Fig. 2. Variation of daily urinary N loss with food energy intake during the last 7 days of 
pregnancy in the rat. The solid line is fitted to the pregnancy data. The broken line represents 
the fitted relation found for non-pregnant rats. 
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out of the five pregnancies. The day of the minimum nitrogen balance was 
different in each pregnancy. It is noteworthy, however, that in those preg- 


ast nancies which showed this dip in nitrogen balance, the recovery leg of the 
ed balance curve started on the 3rd to 5th day ante-partum, while the food intake 
en continued to decline until 2 days later in each case. The total mean nitrogen 
ch retention during this 7-day period ante-partum was 0-55 g, while the total 
he | mean reduction of nitrogen intake due to the falling food intake was 0-75 g. 
nt The urinary nitrogen fell, as is to be expected, with the falling food intake 
ws (Fig. 1). In Fig. 2, the rate of change of urinary nitrogen with change in food 


intake for the pregnant rat is compared with the rate of change for the non- 


pregnant rat. The regression coefficient for the pregnancy data is significantly 
greater than that for the non-pregnant (P <0-01). 

These regression lines in Fig. 2 are the joint regressions derived from the individual pregnant 
and non-pregnant series, that is with displacement differences between series removed. There is 
no significant difference between the regression coefficients derived from the pregnant and non- 
pregnant data if these are considered as two homogeneous groups. 


DISCUSSION 
| The immediate cause of the maintained positive nitrogen balance during the 
terminal fall in food intake would appear to be, at least in part, an increased 
N, rate of fall of urinary nitrogen with fall in food intake. A decline in the 
quantity of nitrogen excreted in the urine during the last week or fortnight of 
pregnancy can be detected in the work of Bar (1907), and a decline in total 
excreted nitrogen in the work of Murlin (1910), on bitches. A fall in urimary 
nitrogen has also frequently been reported for the last few days of human 
} pregnancy. Morris (1933), however, found a rise in urinary nitrogen at the 
end of pregnancy in goats. In general, these observations have not been 
associated with any notable alteration in food intake. The nitrogen balance 
data of Beaton et al. (1954) are in block 3-day periods, but they show some 
evidence of a fall in excretion of total nitrogen and of urinary nitrogen during 
the last 6 days of pregnancy in the rat. 
A decline and recovery effect in nitrogen balance can also be detected in the 
work on bitches, but over a longer period and with the minimum balance 
occurring at the 3rd to 4th week of pregnancy. It may, therefore, be a different 
phenomenon, more analogous to the low positive balance found by Beaton 
et al. (1954) in the rat at the 9th to 12th day of pregnancy, and associated with 
the tendency to revival of oestrous rhythm observed by Slonaker (1925) at 
about the 14th day of pregnancy in the rat. : 
The primary cause of this fall in food intake in the rat, and possibly also in 


of the bitch, is unknown. The oestrogen excretion by the rat increases in the last 


er days of pregnancy (Beerstecher, 1941). The protein anabolic effect of oestroger _ 
is well known (e.g. Kochakian, 1946), although it does not appear to have been 
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demonstrated for the rat. The reduced urinary nitrogen may, therefore, be 
related to an oestrogenic stimulus at this time. Alternatively, an increase of 
somatotrophin production during pregnancy, with its high nitrogen anabolic 
stimulus, may be responsible. There is no direct evidence for such an increase 


during pregnancy, nor for any special increase during the latter part of 
pregnancy. Beaton et al. (1954), however, suggest that the metabolic changes, 


which they found at about the 15th day of pregnancy in the rat, are similar to 
the changes which are induced by administration of growth hormone. 


SUMMARY 


1. Food intake falls significantly to about 65% of its general pregnancy 
level during the last 7 days of pregnancy in the rat. 

2. The nitrogen balance during this period remains positive. There is some 
evidence of a decline, sometimes to negative values, about the 4th day ante- 
partum, with recovery almost to original levels of positive balance thereafter. 

3. Urinary nitrogen decreases more rapidly with fall in food intake during 
pregnancy than in the non-pregnant rat. This is suggested as the immediate 
cause of the maintenance of a a nitrogen balance during the decline in 
food intake. 


My thanks are due to the D, C. Andrew Research Fund of the University of Glasgow, which 
defrayed the expenses of this work. I wish, also, to record my grateful thanks to Prof. R. C. Garry 
for criticism, suggestions and encouragement. 
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THE PERMEABILITY OF SKIN TO SOME 
NON-ELECTROLYTES 


By J. E. TREHERNE* 
From the Medical Division, Ministry of Supply, Porton 


(Received 5 March 1956) 


Many investigations have been carried out on the permeability of skin. Some 
of these studies have been reviewed by Calvery, Draize & Laug (1946), 
Cameron & Short (1948) and Rothman (1943, 1954). Because of the many 
technical difficulties involved in in vivo studies little quantitative information 


has emerged and, as Calvery et al. point out, much of the literature on the 


subject is contradictory and confused. 

Owing to its low oxygen consumption (Peters & Thompson, 1948) skin 
would appear to be particularly suitable for in vitro studies, and in this in- 
vestigation the penetration of a series of “C and *58 labelled non-electrolytes 
through excised skin has been measured in an attempt to determine some of 
the physico-chemical factors involved in the penetration of skin. 


METHODS 


Clipped skin was taken from the belly region of rabbits, freshly killed with pentobarbitone, and the 
underlying tissues carefully removed. In some experiments studies were made on the diffusion 
of substances through skin with the epidermis removed by the method of Baumberger, Suntzeff 
& Cowdry (1942). With skin treated in this way only the lower portion of the hair follicles and the 
deeply seated parts of the sebaceous glands remain in the dermis. 

The apparatus, which is illustrated in Text-fig. 1, consisted of a thin-windowed Geiger tube 
(G.E.C. CV 2139) forming the floor of a cylindrical cell. The skin was clamped over the mouth of 
the cell which was filled with 8-0 ml. of oxygenated and stirred Ringer’s solution, maintained at a 
constant temperature of 33°C, An aqueous solution of the test substance covered the epidermal 
surface of the skin, Owing to the low energy of the particles emitted by both “C and *S only that 
material which had penetrated the skin contributed to the activity measured by the Geiger tube, 
which was in effect counting an infinite thickness source. The end window of the Geiger tube was 
coated with a thin layer of ‘Demarda’ varnish to prevent the adsorption of radioactive material. 
The apparatus was housed in a lead castle and calibrated separately in each experiment. The 
positions of the labelled atoms in the molecules and the approximate specific activities of the 
radioactive compounds were as follows: methanol (C) 0-001-1-0 mc/m-mole, ethanol (1 -C) 
0-01 me/m-mole, ethyl iodide (1 -“C) 0-1 mc/m-mole, urea 1-0 mc/m-mole, glycerol (1 “C) 
1-0 mo/m-mole, glucose (generally labelled — “C) 9-0 mc/m-mole and thiourea (*S) 18-6 mo/m-mole. 


' Present address: A.R.C. Unit of Insect Physiology, Department of Zoology, Cambridge. 
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Except where otherwise stated, the external concentrations of the test substances were in the 
range 0-01-0-05 m. The oxygen consumption of skin used in these experiments did not differ 
significantly from that of freshly excised skin at 34° C: 

Freshly excised skin 84-04 9-0 mm*/g/hr 

Experimental skin 87-0+7-0 mm®*/g/hr 
Warburg manometers were used to determine the oxygen consumptions. 


G.M. tube 


Text-fig 1. Diagrammatic vertical section of the skin diffusion apparatus. 


The distribution of *S labelled thiourea in excised skin was investigated by autoradiography. 
Skin was clamped, at normal tension, in a Perspex cell and the lower surface bathed in circulating 
oxygenated Ringer’s solution. Radioactive thiourea was placed on the epidermal surface for 1 hr. 
The skin was then washed for 15 min in Ringer’s solution, dried on filter-paper, plunged into iso- 
pentane at - 196° C and freeze dried at — 35° C for 4 days at a pressure of 0-01 mm Hg. Pieces 
of freeze-dried skin were vacuum embedded in 56° C paraffin wax and sectioned at 8. The wax 
impregnated sections were floated on to Kodak stripping film, previously mounted on gelatin- 
coated cover-glasses. These preparations were dried and exposed for varying time-intervals before 
dewaxing in xylol and alcohols and developing in the usual way. The sections were subsequently 
stained on the emulsion, with Erlich’s acid haematoxylin. Grain counts were carried out on the 
autoradiographs. 
counted in 10? of the eyepiece graticule. 


RESULTS 


The rate of penetration was determined by measuring the accumulation of the 
labelled substance in the Ringer’s solution beneath the skin. In each experi- 


ment a permeability constant, P, has been calculated from the conventional 
equation: 


V C, 
(1) 
where C, and C; are the concentrations of the test substance above and below 
the skin at time ¢ after application, A is the skin area, V the volume of 
Ringer’s solution beneath the skin and P has the dimensions cm min-. 
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Text-fig. 2 shows the amount of methanol penetrating both whole skin and 
dermis alone from a 3-75m external solution. For whole skin there was a 
delay period of several minutes before the methanol appeared at maximum 
rate at the inner surface. Similarly, the other substances studied showed 
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Text-fig. 2. The penetration of methanol through whole skin and dermis, 
from an external concentration of 3-73 m. 


Time (min) 
Text-fig. 3. Semi-logarithmic plot of the function of concentration against time for 
the diffusion of methanol through whole skin and dermis. (Data from Text-fig. 2.) 


delay periods: with thiourea and glucose for example (see Text-fig. 4) the 
delay was considerably longer than for the more rapidly penetrating methanol. 
Equation (1) was found to fit the steeply rising portion of the graph relating 
the amount of each substance penetrating with time (Text-fig. 3); and a value 
for P was calculated in each case from the slope of the line. An estimate of 
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the delay was obtained by extrapolating the linear portion of each diffusion 
curve. 

The permeability of whole skin to methanol was investigated at four con- 
centrations, ranging from 0-0025 to 12-42 m. These results are summarized 
in Table 1. It will be seen that the calculated values of P remain relatively 
constant. 


0 20 40 60 80 | 1 
Time (min) Time (min) 


Text-fig. 4. Penetration of thiourea and glucose through whole skin. 
The curves are calculated according to equation (5). 


TaBLE 1. The effect of external concentration on the rate of penetration of 


methanol through whole skin 
External concentration External concen 
of methanol P x 10° (cm/min) of methanol P x 10° (cm/min) 

M M 
0-0025 4-93 3-73 4-50 
5-25 5-89 
6-34 2-60 
5-20 2-62 
5-58 
1-24 6-44 12-42 5-81 
5-66 5-55 
6-65 3-91 


The permeability of whole skin and dermis alone has been investigated for 
seven different non-electrolytes. The permeability constants and the delay 
times for the penetration of whole skin are summarized in Table 2. The results 
show that the permeability constants for the whole skin are considerably 
smaller than for the dermis alone. The delay times for the penetration of whole 
skin appear to be related to the permeability constants, the more slowly 
penetrating compounds showing a longer delay period. The relation between 
the permeability constants for whole skin and the corresponding ether—water 
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partition coefficient, shown in Text-fig. 5, clearly demonstrates that those 
compounds with @ high coefficient penetrated most rapidly. 

The permeability constants for the dermis alone are tabulated in Table 3, 
together with the molecular refraction (MR,,) which is an index of the mole- 
cular volume. The product of the permeability constant and the square root 
of the molecular weight (M) is also included, for comparison of PM? for several 


TaBLE 2. The permeability constants of various non-electrolytes for whole skin and dermis, 


with the delay period for the penetration of whole skin. (Each value is the mean of four or 
five observations 


Time delay (min) P x 10* (cm/min) P x10 (em/min) 
Substance whole skin whole skin dermis 
Ethyl iodide 6-254 1-0 91-3+8-0 — 
Methanol 7-75+1-10 42-4+6-6 1-96+0-16 
Ethanol 13-75 + 1-03 44-44 6-2 1-41+0-20 
Thiourea 31-0+1-51 2-89 +0-28 
Glycerol 45-043-5 3-9140-10 0-91 40-04 
Urea 64-34 5-74 2-3740-13 1-204 0-09 
Glucose 109-3 + 12-34 0-89 + 0-06 0-70 +0-09 
100r- 
00 
Methanol Ethanol 
* 
Urea ® 
Glucose 


i L 
108 10% 10° 10° 10! 
Ether/water partition coefficient 


Text-fig. 5. The permeability of whole skin to various non-electrolytes related 
to the ether/water partition coefficients. 


compounds throws light on the type of diffusion process involved in the 
passage of substances through a membrane (Davson & Danielli, 1952). Table 3 
shows that PM? is substantially constant despite large differences in the mole- 
cular volumes of the six substances involved. Saneas 
The technique of autoradiography was used to determine the distribution 
of *°§ labelled thiourea in washed excised skin. The autoradiographs showed that 
the material was concentrated in a fairly discrete zone at the periphery of the 
Malpighian layer (Pl. 1, figs. 1, 2). Grain counts showed that the silver grains 
were concentrated in a layer less than 5-94 wide between the Malpighian 
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layer and the cornified epithelium (Text-fig. 6). Adjacent sections to those 
used for the autoradiographs were stained with haematoxylin and eosin in an 
attempt to elucidate the fine structure of the region. The stratum granulosum 
could be seen clearly in a position corresponding to the site of silver deposition, 
but no stratum lucidum could be identified. 


Taste 3. The values of the permeability constant (P), PMt and MR, for the 
diffusion of various non-electrolytes through the dermis 


Px l@+s.z. 
Substance (cm/min) MR, PMt 


Cornified layer Malpighian Dermis 
layer 
Text-fig. 6. Grain density of autoradiographs showing the distribution of thiourea in the epidermis 
of washed skin. The region between the cornified and Malpighian layers could not be seen 
with clarity and is represented by the broken line. 


In order to study the outward diffusion of material retained in the skin after 
washing, a piece of freshly excised skin (15-2 cm*) was exposed to a 9-67 mu 
thiourea solution for 1 hr. It was then washed in successive 10 ml. volumes of 
Ringer’s solution and the amount diffusing from the skin was calculated from 
the activity of the washings. A semi-logarithmic plot of the amount diffusing 
from the skin (Text-fig. 7) shows two components: an initial steep portion 
followed, after approximately 17 min, by a slow exponential fall with a half 
time of approximately 23 min. It is known from the autoradiographs that 
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after 15 nxin most of the material in the skin was concentrated in a layer in the 
epidermis. It seems reasonable to assume, therefore, that the initial fall 
shown in Text-fig. 7 is due to the loss of material from the cornified epithelium, 
and that the slow exponential fall represents the outward diffusion from the 
layer demonstrated by autoradiography. 


Amount diffusing from skin (m-moles x 107/cm2/min) 


) 10 20 30 40 50 60 70 8 90 100 
Time (min) 


Text-fig. 7. The rate of loss of labelled thiourea from skin washed in Ringer’s solution. 
The skin was previously exposed for 1 hr to a 9-67 mm thiourea solution, 


DISCUSSION 


It is clear from the experimental results that the barrier to diffusion through 
skin lies in the epidermis, since the rate of diffusion through the dermis is at 
least two orders faster than through whole skin. The permeability constants 
for whole skin, which are effectively those for the epidermis alone, have been 
shown to parallel the ether/water partition coefficient of the penetrating 
molecules. This coefficient has been used as a lipoid—water model which corre- 
sponds well with the permeability of various plant cells (Collander & Barlund, 
1933) and the blood-aqueous barrier (Ross, 1951). Molecular size appears to 
have little effect on the rate of penetration, for example ethyl iodide with a 
molecular volume of 25-23 penetrated at least thirty times more rapidly than 
urea with a molecular volume of 13-67. Thus the rate-limiting process in the 
passage of substances through skin appears to be diffusion through some kind 
of lipoid layer, or layers, in the epidermis. It has been suggested (Calvery et al. 
1946; Rothman, 1954) that the lipoid solubility of the penetrating substance is 
an important factor in the mechanism of skin permeability, but no quantitative 


demonstration of this _— seems previously to have been made. 
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The initial delay period in the penetration of skin is related to the perme- 
ability constant of the diffusing substance, the slowly penetrating substances 
showing long delay periods. A thick homogeneous lipoid barrier would yield 
a delay period, but this delay would tend to be independent of the permeability. 
An alternative system, resulting in a similar type of diffusion curve to that 
observed, would be an aqueous layer sandwiched between two thin lipoid 
layers. Considering diffusion from a concentration C, through an aqueous 
layer of area A and finite thickness b, bounded by two thin lipoid membranes 
with permeability constants P, and P,, then from Fick’s Law the rate of 
transfer through the outer lipoid membrane will be 


AP, (C,—On) 2) 


where C,, is the concentration in the aqueous layer. If the concentration 
beneath the second lipoid layer is small compared with C,, then the rate of 
transfer of material through the second membrane can be written 


= AP,C,, . (3) 


The concentration in the aqueous layer at any time is 


Equations (2), (3) and (4) yield on integration 
S,= PAC, (5) 


P,P, 
where P= +P, 


b 
and ta= (6) 
tq can be described as a delay period and, as ¢ increases, S, tends to rise linearly 
with time. 

The diffusion of material through whole skin agrees closely with the rates 
calculated from equation (5) (Text-fig. 4), so that the epidermal barrier behaves 
like a lipoid—water sandwich. 

The central layer in a lipoid—-water sandwich would tend to function as a 
reservoir of diffusible material in washed epidermis. Evidence favouring this 
hypothesis was obtained from the autoradiographs of thiourea, which showed 
that a layer of material was retained in the epidermis of washed skin. A 
further test was applied to the theory; it can be shown that the amount of 
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material (S,) diffused from the aqueous layer at any time t, through both 


where S, is the initial amount of material in unit area of epidermis. Since t, is 
equal to b/(P, +P) then from equation (7) it is possible to calculate a half time 
for the outward diffusion of material from the central water layer. In this 
way a value of 21-5 min was obtained for thiourea, when ¢, is 31 min (Table 2). 
This calculated half-time for outward diffusion agrees closely with the value of 
23 min determined by experiment (Text-fig. 7). 

The layer of material was found to be concentrated in a region between the 
stratum corneum and the Malpighian layer, corresponding to the position of 
the stratum granulosum. According to the theory outlined above this is 
likely to be the site of the barrier to diffusion through the epidermis. The 
condition of a lipoid—water sandwich would be satisfied by a layer of closely 
packed cells, the cell contents forming the aqueous layer, the lipoidal com- 
ponents of the cell membranes representing the two lipoid layers. Rein (1929) 
has shown that electrolytes cannot penetrate a layer between the cornified and 
non-cornified epidermis, which he identifies as the stratum lucidum. Experi- 
ments with a variety of dyes also showed that these diffused no farther than 
the base of the horny layer. Rothman (1954) has pointed out, however, that 
the stratum lucidum cannot in general be seen with clarity and has proposed 
that the ‘transitional layers between cornified and non-cornified epidermis’ 
should be regarded as the barrier to diffusion. The present work seems to 
confirm in full the site of the barrier proposed by Rein and Rothman. 

The values of PM? obtained for diffusion through the dermis were shown to 
be substantially constant for molecules of MR, ranging from 8-2 for methyl! 
alcohol, to 37-4 for glucose. It is known that for the diffusion through water 
of molecules up to the size of the hexoses the product DM? is constant, while 
Davson & Danielli (1952) have shown that with a large-pored membrane the 
product PM# also remains constant, but falls off with increasing molecular 
volume with a small-pored membrane. The present experiments, therefore, 
indicate that diffusion through the dermis is similar to that through liquid- 
filled spaces which are significantly larger than the diameter of the glucose 
molecule. Davson & Danielli also quote values of DM? for the diffusion of a 
series of non-electrolytes which are approximately constant at 7-0 x 10-* cm?/ 
sec. Taking the thickness of the dermis to be 0-056 cm the value of PMt 
becomes 8-8 x 10-* cm?/sec, showing that the rate of diffusion through the 
dermis (in vitro) is approximately 12%, of that through an equivalent unstirred 
water layer. 
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SUMMARY 


1. The permeability of excised rabbit skin to a series of “C and 8 labelled 
*“hon-electrolytes has been investigated. 

2. It has been shown that the barrier to diffusion through the skin is 
situated in the epidermis. 

3. The rate of penetration is related to the ether/water partition coefficient. 

4. A time delay for penetration has been observed, the slowly penetrating 
substances showing longer delay periods. 

5. Autoradiographs using *S labelled thiourea showed that material is 
retained as a layer in the epidermis. 

6. From these observations it is concluded that the barrier is lipoidal in 
nature. It is also suggested that the barrier has the form of an aqueous phase 
separating two lipoid layers. 

7. Diffusion through the dermis is similar to that through a large-pored 
membrane, and it is concluded that here the process is one of diffusion through 
the liquid-filled extracellular spaces. 

My thanks are due to Dr H. Cullumbine for his interest in this work. I am also indebted to 
Mr M, Ainsworth and Dr T. I. Shaw for their help in deriving some of the mathematical relations. 


Crown copyright reserved. Reproduced with the permission of the Controller, H.M.S.0. 
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EXPLANATION OF PLATE 1 


Figs. 1, 2. Autoradiographs showing the distribution of *°S labelled thiourea in washed skin. 
a, cornified layer; 6, Malpighian layer; c, dermis. 
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PASSAGE OF EXOGENOUS THYROXINE AND OF IODIDE 
BETWEEN MOTHER AND FOETUS IN PREGNANT RABBITS 


By P. F. HALL* ap N. B. MYANTY 


From the Department of Physiology, Guy’s Hospital, and the Experimental 
Radiopathology Research Unit, Hammersmith Hospital 


(Received 8 March 1956) 


There is conflicting evidence about the permeability of the placenta to 
thyroid hormone. Courrier & Aron (1929) concluded that in dogs thyroxine 
does not cross the placenta from mother to foetus. Other workers, however, 
have concluded that thyroxine crosses the placenta in guinea-pigs (Peterson & 
Young, 1952) and rats (Theresa, 1939). In each case these conclusions were 
based on the histological appearance of the foetal thyroids after thyroid 
hormone had been given to the mother. 

In the experiments reported here we have studied the passage of labelled 
thyroxine from mother to foetus and from foetus to mother in rabbits at 


different stages of pregnancy. 


METHODS 


Radioactive L-thyroxine or radioiodide was injected intravenously into pregnant rabbits. Half 
an hour or more after the injection, the rabbit was anaesthetized with pentobarbitone (40 mg/kg 
1.v.), the uterus opened, and a sample of foetal blood obtained. When the rabbit was more than 
17 days pregnant, blood was taken from the umbilical vein with a needle and syringe. At earlier 
stages of pregnancy, several foetuses were removed, their chest walls opened, and the blood 
allowed to drip into a centrifuge tube, the blood from all the foetuses of each rabbit being pooled. 
Blood samples were taken from the mother by cardiac puncture. The maternal and foetal portions 
of the placenta were removed separately, as described by Huggett & Hammond (1952), By the 
20th day of pregnancy the foetal rabbit’s thyroid begins to make thyroxine from the plasma iodide 
(Jost, Morel & Marois, 1949). There is also evidence suggesting that towards the end of pregnancy 
the synthesis of thyroxine in the foetal thyroid may be more rapid than in the mother (Jost, 
Morel & Marois, 1952). Any ™*I released from labelled thyroxine in the mother or present as 
iodide in the injection might, therefore, cross the placenta and appear in the foetal serum as labelled 
thyroxine within a few hours of the injection. In order to exclude this source of error, foetal blood 
samples were not taken later than 3 hr after the injection if the foetus was more than 18 days old. 

For the injection of thyroxine into the foetus, the uterus was opened and the injection made into 


the museles along the back of the foetus, the needle being passed through the foetal membranes. 


* Present address: 265 Edgecliff Road, Woollahra, New South Wales, Australia. 
+ Work undertaken on behalf of the Medical Research Council. 
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The uterus was then closed with a silk suture, and the mother kept anaesthetized until the 
foetuses were removed at the end of the experiment. 

Measurement of radioactivity. The samples of serum were weighed, made up to 10 ml. with water, 
and the total radioactivity measured in a M.R.C. sodium iodide scintillation counter. The I was 
then extracted with water-saturated n-butanol, after acidification of the serum to pH 4, and frac- 
tionated by the method of Taurog & Chaikoff (1946). In this method, the inorganic iodine and 
any di-iodotyrosine present (alkali-soluble fraction) are extracted from the butanol into 5% 
Na,CO, in 4n-NaOH, leaving the thyroxine in the butanol (butanol-soluble fraction). The propor- 
tion of the total "I in the serum recovered in the butanol extract varied from 83-1 to 943%. 
When radioiodide was added to fresh plasma in vitro and extracted by this procedure, less than 
4-5 % of the radioactivity remained in the butanol after extraction with alkali. The concentration 
of butanol- and alkali-soluble ™ I in the serum was calculated from the total "I concentration, 
measured before the butanol extraction, and the proportions of butanol- and alkali-soluble "1 
in the butanol extract. 

The placentae were removed from the uterus, blotted, weighed, and homogenized in a Nelco 
homogenizer with 5 vol. of n-butanol saturated with 0-1 N-HCl. The butanol was then separated 
by centrifuging and treated in the same way as the butanol extracts from serum. After removal of 
the butanol layer, the residue was digested in 2n-NaOH, made up to 10 ml. with water, and the 
radioactivity measured. The concentration of butanol-soluble "I in the placenta was calculated 
from the total (residue plus butanol extract) and the proportion of butanol-soluble I in the 
butanol extract. The chief error in estimates of the foetal/maternal plasma ™I concentration 
ratio was due to statistical errors of counting. When labelled thyroxine was injected into the 
mother the error on the ratio was about +15% at the early stages of pregnancy, and fell to 
+5% during the later stages of pregnancy, when the radioactivity in the foetal plasma was higher 
and larger samples could be obtained. The error on the ratio estimated from samples taken after 
injection into the foetus was between +5 and + 20%. 

Chromatography. In some experiments the untreated butanol extract was evaporated to dry- 
ness under reduced pressure. The residue was dissolved in a few drops of NH,OH and put on strips 
of Whatman No. 3MM paper for ascending chromatography in one dimension. Thyroxine, tri- 
iodothyronine, and iodide were added to the residue as markers. The solvents were either butanol 
(4 vol.), redistilled dioxane (1 vol.) and ammonia (2), or butanol and acntie acid (2N). Radio- 
activity on the chromatogram was measured along the paper with a conti ding scanner, 
and the activity at each spot estimated from the ares under the corresponding peak. 

Materials, Radioactive L-thyroxine was prepared by the iodination of di-iodo-t-thyronine with 
radioactive "I, essentially according to the method of Gross & Leblond (1950), modified as 
described elsewhere (Myant, 1956). On the day of the injection a sample of the labelled material 
was analysed quantitatively by paper chromatography with butanol, dioxane and ammonia as 
solvents. In fresh preparations traces of radioactive iodide (5-10 % of the total radioactivity) were 
always present on the chromatogram, but there was no detectable radioactive tri-iodothyronine. 
The amount of radioactive iodide increased if the thyroxine was kept in solution for a few days. 
For most of the experiments freshly prepared thyroxine was used. In a few cases, when the 
labelled thyroxine had been stored for several days, up to 20% of the total radioactivity was due 
to iodide. The specific activity of the labelled thyroxine varied from 1 to 10 uc/ug and the amount 
of unlabelled L-thyroxine given with each injection varied from 5 to 100ug. 


RESULTS 

Injection of radiothyroxine into mother 
After single injections of radiothyroxine the concentration of butanol-soluble 
131] in the foetal serum was much less than that in the maternal serum at all 
stages of pregnancy (Table 1, rabbits 1-19). Until at least the 18th day the 
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foetal/maternal (F/M) concentration ratio hardly exceeded 0-02 at 6 or more 
hours after the injection. After the 21st day there seemed to be an increase in 
the amount of butanol-soluble "I reaching the foetal serum (Fig. 1). A few 
observations were made at different sampling intervals on rabbits at the same 
stage of pregnancy (Table 1). These results (Fig. 2) also suggest that the rate of 
rise of #**I concentration in the foetal plasma increases se the later stages 


of pregnancy. 


007 F 
006 006 
005 005 * 
° 
= 
002 002} © 
= ° 
13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 
Days pregnant Hours after injection 
Fig. 1 Fig. 2 


Fig. 1. Ratio of foetal to maternal serum concentration of butanol-soluble I after injection of 
radiothyroxine into mother between l4th and 30th days of pregnancy. O, 1-3 hr after 
injection; (J, 6 hr after injection; @, 24 hr after injection. 

Fig. 2. Ratio of foetal to maternal serum concentration of butanol-soluble “I after injection of 
radiothyroxine into mother. Ratios observed at different times after injection at 15th day 
(@), 18th day (()), 26th day (@) and 28th day (@) of pregnancy. 


In order to test whether more radiothyroxine appears in the foetal circula- 
tion in young foetuses when several days are allowed for equilibration between 
maternal and foetal plasma thyroxine, the concentration of radiothyroxine in 


the maternal blood was maintained for 5-8 days by injections given twice daily. — 


Maternal and foetal blood samples were then taken 3 hr. after the last injection. 
After these intervals (Table 1, rabbits 20-23) the concentration of **I in the 
butanol-soluble fraction from the foetal serum was still only a small proportion 
of that in the corresponding fraction from the maternal serum. For reasons 
given above (see Methods) the injections in these experiments were not con- 
tinued into the later stages of pregnancy. 

The low concentration of butanol-soluble '*I observed in the foetal serum 
could be explained if radiothyroxine reaches the foetal circulation, but is 
rapidly removed and stored in the extravascular tissues of the foetus. This 
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explanation was excluded by measuring the concentration of butanol-soluble 
181] in the liver and the remainder of the foetus, after injections given at two 
stages of pregnancy (rabbits 8 and 11). Six foetuses from each rabbit were 
removed after the blood samples had been taken. The liver and remainder of 
each foetus were then weighed separately, homogenized with butanol, and the 


TaB.E 1. Concentration of butanol- and alkali-soluble “I in maternal and foetal serum, and 
of butanol-soluble ™I in maternal and foetal placenta after injection of radiothyroxine 


into mother 
Foetal/ Placenta/ 
Maternal Maternal serum 
serum concn. butanol-soluble 
Duration of Time after A A 
injection utanol ternal oetal 
no. (days) (br) soluble soluble placenta placenta 
1 30 3 0-038 5-20 — —_ 
2 29 3 0-054 2-30 — — 
28 1-50 0-115 0-300 
3* 28 0-037 1-09 0-050 0-222 
3* 28 ly 0-031 1-32 0-034 0-201 
4 28 1 0-044 3-00 — — 
5 28 2 0-076 3-10 — — 
6* 27 ; 0-011 2-30 0-146 0-291 
6* 27 0-014 1-80 0-114 0-360 
7* 26 | 0-031 3-40 0-237 0-261 
7* 26 24 0-050 — — — 
7* 26 3 0-046 0-82 — _ 
s 24 3 0-043 — 0-230 0-331 
23 2 0-034 6-90 — 
10 21 2 0-005 1-30 — — 
ll 18 6 0-022t — 0-316 0-194 
12 18 2 0-008 0-15 0-129 0-187 
13 18 3 0-010 0-77 0-436 0-537 
14 15 2 0-009 0-39 — — 
15 15 6 0-005 0-09 0-185 0-381 
16 15 24 0-010 0-37 — — 
17 ~—«w 2 0-013 0-04 0-340 0-654 
18 15 2 0-004 0-11 — — 
19 14 3 0-009 0-06 a —_ 
9-15 3 0-010 0-61 0-248 0-237 
21 9-16 3 0-021 2-00 1-120 1-270 
9-15 3 0-050 1-040 1-190 
11-16 3 0-022 0-37 1-120 0-942 


* 181] measured in more than one foetus from the same rabbit. 

+ Average value from six foetuses. 

¢ Time after injection refers to interval after last of the series of injections. Placental I was 
not fractionated. Values in last two columns for these four rabbits give: concentration of total 
181] in placenta/concentration of butanol-soluble I in maternal serum. 


131] fractionated by extraction with alkali. The concentration of butanol-soluble 
131] in the six foetal carcasses of each rabbit (nos. 8 and 11) averaged 47-0 + 
19-1 and 15-3+2-1% of the concentration in the foetal serum. In the foetal 
livers the concentration averaged 74-9+6-2 and 36-74+5-3% of that in the 
foetal serum. There is, therefore, no evidence that radiothyroxine is selectively 
concentrated in any of the foetal organs. 


| 
I 
of t 
| in t 
the 
rox 
rac 
seri 
Fig. 
dry 
eat 
pre 
131 
res 
se 
me¢ 
po 
pr 
th 
in 
8. 
4 Pp 
th 


THYROXINE BETWEEN MOTHER AND FOETUS 185 


In most experiments the concentration of 1*1] in the butanol-soluble fraction 
of the foetal serum was too great to be attributable to radioiodide remaining 
in the butanol after extraction with alkali. Without further evidence, however, 
the I in this fraction could not be assumed to be in the form of radiothy- 
roxine derived from the mother. In only one rabbit (no. 3) was there enough 
radioactivity in the foetal serum for satisfactory identification of the chemical 
form of the I. A portion of the butanol extract from each of the three foetal 
sera was set aside for extraction with alkali, and the remainder evaporated to 


Fig. 3. Ascending chromatogram of butanol extract of serum from foetus 1 (rabbit no. 3), showing 
peaks of radioactivity at positions of iodide and thyroxine spots. Solvents: n-butanol and 
acetic acid; spote stained by diazotized sulphanilic acid. 


lodide marker 


TaBLE 2, Percentage of ™I in foetal serum (rabbit no. 3) remaining in butanol after alkali 
| extraction, or behaving as thyroxine on chromatogram 


Percen Percen at 


64:3 55-7 
2 45-4 39-8 
3 52-0 42-1 


dryness and chromatographed with butanol and acetic acid as solvents, On 
each chromatogram there was a clearly marked peak at the thyroxine spot 
(Fig. 3) and the proportion of the total radioactivity on the chromatogram, 
present at this spot, was in fair agreement with the proportion of the total 
131] remaining in the butanol after extraction with alkali (Table 2). From this 
result it seems justifiable to conclude that the butanol-soluble "I in the foetal 
serum from other rabbits was also present as thyroxine. 

In some rabbits the concentration of butanol-soluble ‘I was measured 
separately in the maternal and foetal portions of the placenta removed im- 
mediately after the foetal blood sample was taken. The concentration in both 
portions of the placenta, at all intervals after injection and at all stages of 
pregnancy, was lower than the concentration in the maternal serum and higher 
than that in the foetal serum (Table 1)..The proportion of alkali-soluble **I 
in the butanol extracts from both foetal and maternal placenta varied from 
3-7 to 23-0°%, In most cases this was not significantly greater than the pro- 
portion of #1] present as iodide in the material injected. It seems unlikely, 
therefore, that thyroxine is deiodinated to any extent in the placenta. After 
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repeated injections of labelled thyroxine the concentration of total I in both 
parts of the placenta from 3 rabbits (nos. 21-23) was about equal to that in the 
butanol-soluble fraction in the maternal serum. 

Injection of radiothyroxine into foetus 

When labelled thyroxine was injected intramuscularly into foetuses, high 
concentrations of }*1I were found in the foetal serum at intervals varying from 
1 to 4 hr after the injection. In almost all the samples of foetal serum more 
than 90% of the radioactivity was butanol-soluble or behaved as thyroxine 
when analysed by paper chromatography. During the same intervals after 
the injection very little butanol-soluble radioiodine appeared in the mother’s 
circulation (Table 3), except in one rabbit (no. 29). In this experiment con- 
tamination of the sample of maternal serum by radiothyroxine outside the 
body could not be excluded. The concentration of I in the foetal placenta 
was always lower than that in the foetal serum, and higher than that in the 
maternal placenta. 


Tasie 3. Concentration of butanol-soluble “I in foetal and maternal serum, and of total '"! 
in foetal and maternal placenta, after injection of radiothyroxine into foetus 


Concn, of total "I in ta/ 
concn. of butanol-soluble 


in foetal serum 
Duration of Time after Foetal A 
Rabbit er butanol-soluble Foetal 

no. (days) (hr) 181] concn. in serum placenta placenta 
24 28 2 0-017 0-65 0-11 
25 26 3 0-012* — —_ 
26 26 0-028* 
27 24 3 0-016 0-15 0-09 
28 23 1 0-019 0-15 0-09 
29 23 2 0-230 0-62 0-43 
30 21 1 0-002 — — 
31 21 4 0-052 = _ 
32 20 4 0-030* — — 
33 19 1 0-012 0-76 0-34 
34 18 1 0-013 0-26 0-17 
35 18 0-010 — 
36 18 2 0-071 sine a 
37 16 1 0-022 0-29 0-11 


* Average of three values. 


The results obtained when labelled thyroxine was injected into the mother 
suggest that the passage of thyroxine from mother to foetus is very slow at all 
stages of pregnancy. However, the low concentrations of labelled thyroxine 
observed in the foetal serum (Table 1) could be explained if thyroxine crosses 
rapidly into the foetal circulation, but is equally rapidly deiodinated by the 
foetus. In order to test this possibility, known quantities of labelled thyroxine 
were injected intramuscularly into foetuses, and the amount of labelled 
thyroxine left in the foetus and placenta estimated at 2 or more hours after 
the injection. Three foetuses in each of three rabbits (nos. 25, 26 and 32) were 
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injected. At the intervals shown (Table 4) one foetus and both portions of the 
corresponding placenta were removed. The foetus and the maternal and foetal 
portions of the placenta were extracted separately with butanol, and the total 
radioactivity measured in the butanol extracts and in the residues of foetal 
and placental tissue after extraction. The I in the butanol extracts was 
then analysed either by paper chromatography or by further extraction with 
alkali. The amounts of **I recovered in the foetus and placenta (including that 
in the butanol extracts and the residues) are shown in Table 4. Except for one 
anomalous result (rabbit no. 32, foetus 2), the total amount: of *!I recovered 
varied from 86 to 99%, more than 90% of the ™ I extracted into butanol 


TaBuE 4. Recovery of radiothyroxine from foetus and placenta after injection of radio- 


thyroxine into foetus 
isi] vered dose in 
no. Foetus Foetus Placenta Total 
25 1 91-4 (94-3)* ‘0 (90-2)* 93-4 
2 90-3 — 3-7 (90-4) 94-0 
3 93-1 (97-1) 4-0 (92-7) 97-1 
26 1 92-0 (96-3) 4-2 (95-3) 96-2 
79-6 (93-4) 61 — 85-7 
3 94-6 (91-6) 47 — 99-3 
32 l 92-3 (96-6) 3-8 (94-1) 96-1 
2 116-7 (96-8) 39 — 120-6 
3 88-0 (97-1) 61 — 94-1 


° Values in parentheses give percentage of "1 in butanol extract remaining in butanol 
extraction with alkali. 


remaining in the butanol after extraction with alkali. The thyroid was 
dissected from the neck of two foetuses (rabbit no. 26, foetuses 2 and 3) 
and the 11J content estimated separately. Both thyroids contained less than 
1% of the injected dose. In two rabbits (nos. 25 and 26) a foetus that had not 
had an injection of *4I was removed from the uterus, together with the corre- 
sponding placenta, at the end of the experiment. In each case the total amount 
of 481. recovered from the foetus and placenta was less than 0-1% of the 
amount injected into one other foetus of the same rabbit, showing that radio- 
thyroxine does not pass from one foetus to another. 
Injection of radioiodide into mother 

The values for alkali-soluble **"I in the 5th column of Table 1 suggest that 
radioiodide, injected into the mother during the latter half of pregnancy, 
reaches a higher concentration in the foetal serum than in the maternal serum. 
In order to study this in greater detail, carrier-free radioiodide was injected 
into pregnant rabbits at various stages of pregnancy. The concentration of 
alkali- and butanol-soluble ‘I was then measured 2-3 hr later in the maternal 
and foetal serum. In some cases the concentration of total *'I was measured 
in the placenta. In all the samples of maternal and foetal serum, the amount of 
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butanol-soluble "I was no greater than the error due to radioiodide remaining 
in a butanol extract after extraction with alkali. Nor were significant amounts 
of radiothyroxine present on any of the chromatograms made from foetal 
or maternal serum at 3 hr after the injection of radioiodide (Fig. 4). It may be 
concluded, therefore, that no radiothyroxine was secreted into the blood 
stream by either the maternal or the foetal thyroid during the period of these 


Fig. 4. Ascending chromatogram of butanol extract of serum from foetus of rabbit no. 39 at 3 hr 
after injection of radioiodide into mother. Solvents: n-butanol, dioxane, ammonia. A similar 
chromatogram was obtained from the maternal serum taken at the same time. 
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Fig. 5. Ratio of foetal to maternal serum ™*I concentration in alkali-soluble fraction, after 
single injections of radiothyroxine or radioiodide into mother. Observations collected from 
Tables 1 and 5. 


observations. The results from these experiments (Table 5) and from Table | 
show that by the end of pregnancy radioiodide may be concentrated in the 
foetal serum to between 5 and 9 times the concentration in the maternal serum. 
This effect appears to begin at some time between the 16th and 20th days of 
pregnancy (Fig. 5). After the 17th day of pregnancy, the concentration of '*'! 
in both maternal and foetal placenta exceeded that in the maternal serum, 
but was usually less than the concentration in the foetal serum. 
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Injection of radiovodide into foetus 
When carrier-free radioiodide was injected into the foetus, radioactivity was 
readily detectable in the maternal serum at 1 hr after the injection (Table 6). 
At the four stages of pregnancy studied between the 14th and 24th days, the 
concentration of }**I in the foetal serum exceeded that in the maternal serum. 
At the later stages of pregnancy this relationship is to be expected, since the 
iodide-concentrating mechanism has been shown to begin to act by about the 


Tasie 5. Concentration of alkali-soluble **I in maternal and foetal serum and of total 1] 
in placenta after injection of carrier-free radioiodide into mother 


Foetal alkali-soluble/ 
Placental total 
Foetal/ concn. 
Duration of Time after Maternal c A = 
Rabbit pregnancy alkali-soluble Maternal Foetal 
no. (days) (hr) concn, in serum placenta placenta 
38 29 2 9-30 1-37 1-60 
39 24 3 8-96 4-30 8-01 
40 19 3 8-67 3-01 1-87 
41 19 2 9-36 
42 18 2 1-64 2-09 2-07 
43 17 2 0-92 1-12 0-92 
44 16 2 0-62 0-42 0-27 
45 15 3 0-09 — sll 
46 13 2 0-18 
47 13 2 0-21 0-94 0-49 


TaB_eE 6. Concentration of alkali-soluble "I in maternal and foetal serum after injection 
of carrier-free radioiodide into foetus 


Maternal/ 
Duration of Time after 
Ra in alkali-solu 
no. (days). (hr) 131] concen. in serum 
48 24 l 0-20 
49 19 1 0-32 
50 17 l 0-50 
51 14 1 0-48 


17th day (Fig. 2). In the experiment done on the 14th day of pregnancy, the 
low concentration of 1*I in the maternal serum might, on the other hand, be 
explained if equilibrium had not been reached when the blood samples were 
taken. In all four rabbits the concentration of ™ JI in both parts of the 
placenta was lower than that in the foetal serum. 


DISCUSSION 
Passage of exogenous thyroxine between mother and foetus 
Reasons have already been given (Table 2) for concluding that the butanol- 


soluble fraction of the 184I in the serum represents radiothyroxine, and in the 
following discussion we shall refer to this fraction as radiothyroxine. All 
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experiments were done either before the stage at which the foetal thyroid 
makes thyroxine, or with so short a post-injection interval that any labelled 
thyroxine made in the foetal thyroid would not have had time to appear in the 
foetal serum. The radiothyroxine found in the foetal serum after an injection 
into the mother may therefore be assumed to have passed from the mother to 
the foetus as thyroxine. 

The low F/M radiothyroxine concentration ratio observed after injection 
into the mother at all stages of pregnancy (Table 1) might be explained in 
various ways. It cannot be due to rapid deiodination of thyroxine in the foetus, 
because a high proportion of a dose injected into a foetus can be recovered as 
free thyroxine 4 hr later from the same foetus and placenta (Table 4). Nor can 
it be explained by storage of radiothyroxine in the extravascular tissues of the 
foetus, since this does not occur, If the placenta were freely permeable to 
thyroxine, a high M/F concentration gradient might, nevertheless, be main- 
tained if the concentration of thyroxine-binding protein is much greater in 
the maternal than in the foetal serum, or if the placenta continually pumps 
thyroxine from the foetus to the mother. In either case, equilibrium 
between maternal and foetal circulating radiothyroxine should be established 
at a high M/F concentration ratio, whether the injection is made into the mother 
or into the foetus. But these observations suggest that very little radiothyroxine 
reaches the maternal circulation after an injection into the foetus (Table 3), 
most of the thyroxine remaining in the foetus for at least 4 hr (Table 4). 
However, it should be pointed out that even if the placenta were freely per- 
meable to thyroxine in the foetal circulation, the rate at which the maternal 
and foetal plasma concentrations approach equilibrium would necessarily be 
slow, since the volume of foetal plasma is many times smaller than the volume 
of maternal plasma. 

It seems more likely that the tissues lying between the maternal and foetal 
circulations act as a barrier to the passage of thyroxine. If so, the barrier 
appears to be almost complete from the 9th to the 20th day or later, as judged 
by the low F/M concentration ratios observed when several days have been 
allowed for the passage of radiothyroxine from mother to foetus; thereafter it 
becomes less complete (Figs. 1, 2). A quantitative expression for the perme- 
ability of the placenta to thyroxine cannot be derived from these observations 
but it seems to be much less than the permeability to iodide (Table 5), and to 
sodium, even at the later stages of pregnancy. Flexner & Pohl (1941), for 
example, have shown that when radioactive sodium is injected into pregnant 
rabbits from the 19th to the 30th day, the concentration in the foetus reaches 
20% of the concentration at equilibrium within half an hour of the injection. 

The observations on foetuses less than 19 days old (that is, before the foetal 
thyroid begins to make thyroxine) suggest that, during this stage of pregnancy, 
the concentration of the natural hormone in the foetus is much lower than the 
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concentration in the maternal circulation. This, however, rests on the assump- 
tions that the foetus does not make thyroxine in tissues other than its thyroid, 
and that the thyroid hormone normally circulating in the maternal plasma 
behaves in the same way as exogenous labelled thyroxine. It is not known 
whether the foetus can make thyroxine outside the thyroid at any stage of its 
development, but the possibility cannot be excluded, since there is some evi- 
dence that adult rats can make thyroxine in the absence of the thyroid (Morton, 
Chaikoff, Reinhardt & Anderson, 1943). The amount of non-radioactive thyro- 
xine injected into the mother must, in some cases, have greatly exceeded the 
daily output of hormone from the animal’s own thyroid. If the barrier to 
thyroxine depends on some mechanism which only acts when the maternal 
plasma concentration exceeds a certain value, such as storage within the 
placenta, it could be argued that thyroxine at physiological concentrations 
may cross the barrier more easily than the labelled thyroxine used in these 
experiments. Against this, there was no obvious relationship between the 
M/F radiothyroxine concentration ratio and the amount of non-radioactive 
thyroxine given with the injection. Owing to the difficulty of obtaining 
sufficient quantities of blood from young foetuses, it has not yet been possible 
to estimate directly the concentration of protein-bound iodine in foetal serum 
before the 19th day of pregnancy. Nor have we been able to find any references 
to estimations of protein-bound iodine in rabbit foetuses, or in foetuses of 
other species at comparable stages of development. 

The observations of Peterson & Young (1952), showing that thyroxine 
crosses from the mother to the foetus in guinea-pigs, do not necessarily conflict 
with the conclusions reached here. In their experiments, thyroxine, given to 
the mother continuously during the last 30 days of pregnancy, was shown to 
prevent the formation of thiouracil-induced goitres in foetuses delivered at 
full term. This, however, only shows that thyroxine is able to reach the foetus 
when its thyroid is capable of responding to thyroxine deficiency by beco:ning 
hyperplastic. It does not prove that thyroxine reaches the foetus before the 
foetal thyroid begins to function. 

The barrier to the passage of thyroxine from the mother to the foetus may 
depend on the presence of the thyroxine-binding protein in the maternal serum. 
If the maternal blood-vessels in the placenta are more or less impermeable to 
this protein, very little thyroxine would be expected to reach the foetus. 
Except for three experiments in which the I was ‘hot fractionated (rabbits 
nos. 20-23, Table 1), the observations on the radiothyroxine concentration in 
the placenta are consistent with this explanation. After injection into the 
mother, the concentration of radiothyroxine in both parts of the placenta 
averaged less than 20% of the concentration in the maternal serum. It is, 
therefore, possible to account for all the radiothyroxine in the placenta by 
the presence of maternal blood. However, the possibility of some leakage 
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of radiothyroxine into the extravascular tissues of the placenta cannot be 
excluded, sinee no information is available about the volume of maternal blood 
in the placenta. 
Passage of radioiodide from mother to foetus 

The high F/M concentration ratio observed after injection of radioiodide into 
the mother is in agreement with the results obtained in rabbits and guinea- 
pigs by Logothetopoulos & Scott (1955). A comparable F/M radioiodide con- 
centration gradient in pregnant rabbits is suggested by the earlier results of 
Jost et al. (1952), although these workers did not show that the ™ I in the foetal 
serum was in the form of iodide. Gorbman, Lissitzky, Michel, Michel & Roche 
(1951) have also shown that the concentration of non-precipitable ™"I is 
greater in the serum of the newborn calf than in that of the mother, when radio- 
iodide is injected into the mother 24 hr before delivery of the foetus. The find- 
ing that the F/M concentration ratio does not exceed unity until after the 15th 
day (Fig. 5) suggests that the iodide-concentrating mechanism is in the placenta 
since the placenta becomes fully developed at about this time in rabbits. 
However, these results do not exclude the possibility that the high concentra- 
tion of radioiodide in the foetus is brought about by the foetal membranes. 


SUMMARY 

1. The passage of **I-labelled thyroxine from mother to foetus in pregnant 
rabbits was studied by measuring the foetal/maternal serum concentration 
ratio after injections of radiothyroxine into the mother. 

2. Up tothe 19th day of pregnancy the F/M ratio did not exceed 0-022 when 
the samples were taken from 1 to 24 hours after a single injection, and did not 
exceed 0-05 after injections given twice daily for several days. Slightly higher 
concentration ratios were observed after injections at later stages of pregnancy. 

3. The low concentration of radiothyroxine in the foetal serum is not due to 
deiodination or storage by the foetus. 

4. Afteran injection of radiothyroxine into the foetus, the concentration in the 
maternal serum did not exceed 7-1°% of that in the foetal serum at 1—4 hours. 

5. These results suggest that the tissues between the mother and foetus are 
almost completely impermeable to exogenous thyroxine up to about the 19th 
day, but that they become more permeable thereafter. 

6. Since the foetal thyroid does not make thyroxine until after the 19th day 
these results suggest that the serum concentration of thyroid hormone in early 
foetuses is lower than that in the mother. 

7. In confirmation of the results of other workers, the concentration of 
radioiodide in the serum of the foetus exceeded that in the mother, when radio- 
iodide was injected into the mother after the 17th day of pregnancy. 


We are greatly indebted to Dr Maureen Young for advice, and to Mr T. R. Nichols for much 
technical assistance. The di-iodo-t-thyronine was given to us by Glaxo Laboratories Ltd. 
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Many investigations of potassium metabolism with the isotope “#K have been 
hampered by the short half-life of 12-5hr. Nevertheless, its distribution 
throughout animal tissues has been examined extensively (Noonan, Fenn & 
Haege, 1941; Fenn, Noonan, Mullins & Haege, 1941) and the exchangeable 
potassium content of the body has been measured by the dilution method 
(Corsa, Olney, Steenburg, Ball & Moore, 1950). However, in some tissues 
potassium exchange is slow and an equilibrium of distribution is not attained 
within the period of study possible after injection of a tracer dose. Similar 
problems in studying sodium metabolism with the short half-life “Na have 
been solved with the isotope *Na (Burch, Ray & Threefoot, 1952; Miller, 
Munro, Renschler & Wilson, 1954). In the case of potassium no suitable long 
half-life isotope is available. 

Rubidium, another alkali metal, is widely distributed in animal tissues 
(Sheldon & Ramage, 1931; Bertrand & Bertrand, 1946) and can be sub- 
stituted for potassium in some structures without impairing their function 
(Ringer, 1883; Sandow & Mandel, 1951). The alkalosis occurring in rats 
deprived of potassium can be corrected by the administration of rubidium 
(Relman, Roy & Schwartz, 1955). The isotope *Rb has a convenient half-life 
of approximately 19 days and is suitable for tracer work as it emits 8 and y 
radiation (f 1-82, 0-72 MeV, y 1-08 MeV). Its distribution and turnover in 
human blood and urine have been studied (Zipser, Pinto & Freedberg, 1953). 
It is taken up by red blood corpuscles in a similar proportion to potassium and 
at the same rate (Love & Burch, 1953). The rates of disappearance of the two 
isotopes from the plasma after intravenous injections in man are similar 
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(Burch, Threefoot & Ray, 1955). The extent to which *Rb may act as a sub- 
stitute for “K in tracing potassium throughout the body has accordingly been 
studied at first in rabbits and subsequently less extensively in man. 


METHODS 


*Rb was obtained from the nuclear reactor at Harwell, the target material being rubidium 
carbonate. The counting rate from a solution was measured in a liquid counter (Veall, 1948) over 
168 days. A small proportion of the activity came from a contaminant of longer half-life, probably 
“Cs. Subsequent calculations showed that this contaminant accounted for 0-3% of the counts 
recorded at the time of the experiments. The radioactive half-life of *Rb from these measurements 
was 18-4 days in contrast to 19-5 days as previously quoted (Atomic Energy Research Establish- 
ment, 1954). A period of 18-66 days has recently been found by Emery, Bradley & Veall (1955). 

“*K, also from Harwell, was prepared from potassium carbonate. Mixtures of the two isotopes, 
containing approximately 20 uc of *Rb and 50-200 ye of “K, were injected intravenously into 
sixteen rabbits, the higher doses of*K being used for the longer periods of study. In four animals 
the isotope mixture was delivered by tube into the stomach. 

The animals were killed in groups of five, at intervals after administration of the isotopes. 
Blood samples were obtained immediately before death from the marginal vein of the ear not 
injected, Portions of tissues were taken, weighed and dissolved by gentle heating in about 15 ml. 
of distilled water, to which was added 1 ml. of concentrated nitric acid per gram of tissue. The 
final volume was measured and the solution filtered. The filtrate was used for counting and for 
potassium estimation by flame photometry. The addition of this quantity of nitric acid did notaffect 
the latter determination. The radioactivity of the solutions containing a mixture of the two isotopes 
was measured immediately in a Veall liquid counter and 10 days later when the “*K content had 
decayed to a negligible proportion. Twelve thousand counts were recorded or, in examining sa mples 
of low activity such as bone, brain and spleen, counting was continued for 20 min. The effect of 
the specific gravity of the solutions on the counting rates of the two isotopes was investigated as 
described by Rose & Emery (1951). The measurements from “Rb were depressed to a greater 
extent than those from “*K. by increases in the specific gravity. The specific gravity of all the 
tissue solutions was measured and the necessary correction applied. This was less than 10% for 
*Rb and less than 5% for ** K. 

In the human observations, 30 uc of **Rb and 100 uc of **K were delivered simultaneously from 
calibrated burettes into a funnel connected to an intravenous infusion apparatus. Samples of 
urine were collected at intervals after the injection and examined in the same way as the rabbit 
tissue solutions. 


RESULTS 
Distribution of *K in rabbits 

After intravenous injection “*K exchanges rapidly with the potassium in the 
body. The potassium content of several tissues is shown in Table 1; the wide 
variation in the spleen is conspicuous. The bulk of the body potassium lies in 
skeletal muscle and the exchange in other tissues and fluids has accordingly 
been compared with it (Table 2). The specific activity of each tissue, that is the 
counting rate per m-equiv of potassium, was calculated. From 20 hr onwards 
the values from most tissues were in close agreement. Brain and red cells 
gave consistently lower results but slowly approached the levels of the other 
tissues up to 62 hr, the time limit of the observations. After administration of 
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were taken from the bladder at dissection. Often the bladder was greatly 
distended and contained urine secreted many hours previously. In such 
circumstances close agreement between urine and other specific activities 
could not be expected. 

Tas_e 1. Potassium concentration in tissues of the rabbit 


m-equiv/kg No. of 
Tissue wet tissue 8.D. observations 
Muscle 109-1 
Spleen 97-0 
Brain 87-4 8-3 19 
Lleum 75-9 10-5 19 
74-5 10-5 x 
Liver 74-4 8-5 15 
Heart 71-7 6-0 16 
Kidney 63-3 9-6 16 
TaBie 2. Mean specific activity of ““K in rabbit tissues and fluids 
relative to skeletal muscle 
Time after administration ... 8 hr 20 hr 39 hr 62 hr 
Route Intra- Intra-. Intra- _Intra- 
venous venous gastric venous gastric venous 
No. of rabbits 5 3 2 3 2 5 
Muscle 1-00 1-00 1-00 1-00 1-00 1-00 
Plasma 1-29 — 1-62 — 1-62 1-00 
Brain 0-25 0-37 0-38 0-52 0-56 0-63 
Red blood cells 0-42 0-68 0-70 0-81 0-89 
Urine from bladder 1-06 — 1-38 — 1-05 1-22 
1-64 1-12 1-36 0-97 0-98 0-90 
1-33 — 1-31 — 1-05 0-95 
Heart 1:36 1-13 131 0-95 1-00 0-98 
Intestine 1-57 1-04 1-47 0-89 1-10 0-98 
1-30 1-25 1-39 1-09 1-00 1-19 
Liver 1-49 0-85 1-40 0-89 1-01 0-97 
Distribution of *Rb in rabbits 


The radioactivity due to *Rb has been measured in the same tissue and 
fluid samples and the results have been expressed as the counting rate per 
m-equiv of potassium. When the *Rb concentration in the various samples 
is compared with that of skeletal muscle there is a wide range of variation 
(Table 3). These differences persist with the passage of time. In the four 


rabbits receiving the isotopes through the stomach the ultimate distribution of 


®6Rb resembled that in the other animals. 

The distribution of **Rb has also been examined in relation to ##K. The ratio 
**Rb/“K was determined in the tissues and in the injection mixture. When the 
ratio in the various samples is divided by the injection ratio the result is a 
measure of the relative concentration of the two isotopes. A value greater than 
unity indicates that *Rb is concentrated relative to **K and the reverse holds 
for values below one. The results are shown in Table 4. The pattern of dis- 
tribution of *Rb and **K is already achieved by 8 hr. An analysis of variance 
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shows that the differences between tissues are highly significant throughout 
the whole series (¥ = 244, P<0-001). The differences between the groups killed 
at the different times are also significant (F = 4-3, P< 0-01) except between 39 
and 62 hr where no difference is apparent (F =2-8, P>0-1). The last two sets 
of values have accordingly been taken together and are shown in Table 5. 


Taste 3. “Rb activity per m-equiv of potassium in rabbit tissues 
relative 


to skeletal muscle 
Time after administration ... 8 hr 20 hr 39 hr 62 hr 
Route Intra- Intra- Intra- Intra- Intra- Intra- 
venous venous gastric venous gastric § venous 
No. of rabbite 5 3 2 3 2 5 
Muscle 1-00 1-00 1-00 1-00 1-00 1-00 
Plasma 1-37 1-04 1-46 0-86 0-97 0-90 
Brain 0-21 0-22 0-30 0-31 0-34 0-40 
Red blood cells 0-48 0-58 0-74 0-69 0-78 0-91 
Urine from bladder 1-04 ~~ 1-37 a 1-00 0-79 
Spleen 2-39 1-45 1-95 1-22 1-28 1-13 
2-16 2-18 1-33 1-23 
Heart 2-21 1-38 1-98 1-24 1-21 1-19 
Intestine 2-26 1-41 2-38 1-30 1-45 1-40 
Kidney 2-88 1-66 3-25 2-11 2-14 2-22 
Liver 4-60 2-10 4-46 2-30 2-66 2-38 
Rati *Rb/*K in tissues or fluids 
*Rb/*K in injection mixture 
Time after administration . 8 hr 20 hr 39 hr 62 hr 
Route Intre- Intra. intre- Intra 
venous venous gastric venous gastric § venous 
No, of rabbits 5 3 2 3 2 5 
0-67 0-60 0-64 0-62 0-61 0-63 
Urine from bladder 0-77 _ 0-77 pe 0-92 0-65 
Bone (femur) 0-82 0-58 0-68 0-59 0-76 0-81 
0-87 on 0-71 0-59 0-90 
Muscle 0-79 1-09 0-79 1-04 0-97 0-99 
Red blood cells 0-91 0-94 0-86 1-03 0-95 1-02 
Heart 1-30 1-26 1-20 1-37 1-20 1-20 
Spleen 1-16 1-34 1-14 1-30 1-22 1-23 
Lung 1-30 1-31 1-22 1-26 
Intestine 1-15 1-42 1-30 1-52 1-27 1-41 
1-79 1-49 1-85 2-00 2-08 1-88 
Liver 2-46 2-55 2-57 2-70 2-56 2-43 


Rb is concentrated more than “*K in liver, kidney, intestine, heart and spleen. 
The two isotopes are present in equal proportions in muscle and red blood cells. 
The concentration of Rb is less in brain, bone and urine. 

In the four animals given the isotopes by stomach tube the dose was measured 
and fully washed in. Several of the viscera were removed intact and their 
content of @K and ®Rb has been calculated as a percentage of the dose. The 
results again demonstrate the uneven distribution of the two isotopes in the 
body (Table 6). Lungs, spleen and liver contain 8-2% of the administered 
Rb as against 3-8%, of the 
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Observations in man : 
In two subjects in whom measurements of potassium exchange were being 
made, Rb was given simultaneously with “K. Frequent specimens of urine 
were collected separately up to 48 hr. 


*Rb/K* in tissues 


5. Ratio: in inj = determined in samples taken 
39 and 62 hr after administration of the isotopes 

Distribution No. of 

Tissue ratio 8.D. samples 
0-62 0-05 10 
Urine from bladder 0-65 0-15 6 
Bone 0-73 0-27 10 
Muscle 1-01 0-06 10 
Red blood cells 1-02 0-05 10 
— 1-26 0-09 9 
eart 1-27 0-15 10 
Intestine 1-45 0-16 10 
Kidney 1-92 0-21 10 
Liver 2-53 0-24 10 


Tass 6. Percentage of intragastric dose of *Rb and “*K in organs of four rabbits 


Rabbit 1 Rabbit 2 Rabbit 3 Rabbit 4 
Time (br) ... 19 19 39 39 
Weight (kg)... 2-35 2-00 2-40 2-00 


0-06 
0-95 0-72 0-74 0-57 0-51 0-42 0-54 0-45 


The “K specific activity was measured in each sample and the exchange of 

the isotope with the potassium in the body was estimated by the formula 
“K injected excreted 

~ &K per m-equiv of potassium in urine sample’ 
If *Rb were distributed in thesame proportion as “°K throughout the potassium 
of the human body a similar result would be obtained by substituting the values 
for *Rb in the above equation. This has been done and the results with both 
isotopes are shown in Figs. 1 and 2. The curves are conspicuously different, the 
values calculated from Rb being higher than the true potassium exchange 
measured with “K. When the ratio *Rb/#K in the urine samples is divided 
by the ratio in the injection mixture the mean value in the first subject is 
0-66 + 0-055 (s.p.) and in the second 0-64+0-11. These results are similar to 
those found in rabbit urine (Table 5), and show that in man also a smaller 
proportion of *Rb than of “K is excreted in the urine. Furthermore, in Fig. 2 
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there is a swing in the *Rb curve not observed with “°K, indicating that the | 
excretion of the two isotopes is not rigidly related. A less conspicuous swing a 
is also apparent in Fig. 1. % 
4000 a 
q 
1000 F 
. q 
“0 12 24 36 48 a 


Fig. 1. Potassium exchange in a male 32 years weighing 56-4 kg. O, values from “K; @, values 
from “Rb. The results from **Rb are consistently above those obtained with “K. 


< 


6000 - q 

q 

ee q 

a 

3000 

2000 ° 

| 

0 12 24 48 4 

Time (hr) q 

Fig. 2. Potassium exchange in a female 33 years weighing 40-9 kg. O, values from“K; @, values 4 


from “Rb, The results from **Rb are higher and show conspicuous variations not apparent 
in the“K measurements. 
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DISCUSSION 


After intravenous injection the concentrations of “K are at first higher in the 
viscera than elsewhere but thereafter the isotope gradually becomes more 
evenly distributed throughout all the organs. At 62 hr the “K specific 
activities of the rabbit tissues, except for brain and red blood cells, are in close 
agreement. The slower exchange of the isotope with the potassium in these 
tissues has been reported previously (Fenn et al. 1941; Corsa et al. 1950; 
Katzman & Leiderman, 1953). The *Rb is at this time unevenly distributed in 
relation to both the potassium of the body and the simultaneously administered 
“2K. It is concentrated more than “K in liver, kidney and intestine and less in 
brain, bone and urine. The two isotopes follow a similar course of distribution 
only in skeletal muscle and red blood cells. In the dog the distribution of *Rb 
has been investigated in relation to the body potassium but not simultaneously 
with *K (Love, Romney & Burch, 1954). Concentration occurred in the liver 
and kidney but was less than that seen in these experiments in the rabbit. 

In both human and rabbit urine the proportion of *Rb being excreted was 
less than that of *K. The changing pattern of excretion of *Rb showed that it 
did not necessarily follow potassium. Attempts have been made to calculate 
the exchangeable potassium mass of the body from measurements of the 
potassium and “Rb content of erythrocytes (Threefoot, Ray & Burch, 1955). 
However, the conspicuously uneven distribution of “Rb in relation to the 
potassium of the viscera shows that rubidium does not follow the same course 
as potassium in the body. Though in some ways the two cations may behave 
similarly, rubidium has its own characteristic behaviour and clearly cannot be 
regarded as a reliable tracer for potassium in the whole organism. 


SUMMARY 


1. The distribution of mixtures of “K and Rb injected intravenously into 
rabbits was investigated in various tissues. 

2. “K exchanged completely within 62 hr with the potassium in all tissues 
except brain and red blood cells. **Rb was not evenly distributed throughout 
the potassium in the body. It was concentrated more than “XK in liver, kidney, 
intestine, heart and spleen and less in brain and bone. In muscle and red cells 
the two isotopes were present in equal proportions. 

3. Similar results were obtained after giving the mixture by stomach tube. 

4. In two human studies the urinary excretion of *K and ®Rb was dis- 
proportionate. The latter was unsuitable for use in the measurement of the 
exchangeable potassium mass of the body. 


We should like to thank Dr H. Miller for his advice and assistance in this work. We are grateful 
for research grants towards the purchase of the isotopes from the United Sheffield Hospitals 
Endowment Fund and from the Research Fund of the Sheffield Regional Hospital Board. 
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THE FOETAL CIRCULATION AND ITS CHANGES AT BIRTH 
IN SOME SMALL LABORATORY ANIMALS 


By J. J. HANDLER 
From the Nuffield Institute for Medical Research, 
University of Oxford 


(Received 17 March 1956) 


The course of the foetal circulation has been studied by cineangiographic 
methods in the sheep (Barclay, Barcroft, Barron & Franklin, 1939), goat 
(Barclay, Franklin & Prichard, 1944) and man (Lind & Wegelius, 1954). The 
general conclusions as to the course of the foetal circulation in the sheep, and 
the changes which occur at birth, have been confirmed by measurements of the 
pressures and oxygen contents of blood in the great vessels, and by direct 
measurements of the changes in pulmonary blood flow on ventilation (Dawes, 
Mott, Widdicombe & Wyatt, 1953; Dawes, Mott & Widdicombe, 1954, 1955). 
However, little is known of these matters in smaller laboratory animals, some 
of which, such as the dog, rabbit and cat, are born in a relatively immature 
state. The introduction of the X-ray image amplifier and the use of condenser 
manometers has now made such investigations practicable. 

The mechanism of closure of the ductus arteriosus is of particular interest. 
Strassmann (1894) supposed that there was a valve at the junction of the 
ductus arteriosus and aorta, which prevented blood from flowing from the 
aorta through the ductus, Strassmann reported the presence of this valve in 
man, dogs and cats. Woodbury, Hamilton & Woods (1935) and. Hamilton, 
Woodbury & Woods (1937) confirmed its existence in rabbits and dogs, but 
Harman & Herbertson (1938) and Kennedy & Clark (1941) did not find it in 
guinea-pigs. It certainly does not exist in sheep (Barclay et al. 1944; Born, 
Dawes, Mott & Rennick, 1956). It therefore seemed desirable to study its 
anatomy once more in dogs and rabbits, and to determine whether it was 
competent to prevent blood flow from the aorta into the ductus arteriosus. 


METHODS 
Cineangiography in foetal dogs. Six pregnant dogs (10-6~17-9 kg) of about 58 days gestation 
(full-term 58-63 days) were anaesthetized with sodium pentobarbitone in a dose of 30 mg/kg 
intravenously. The maternal carotid pressure was recorded with a mercury manometer. The 
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foetuses (nineteen in number) were delivered by Caesarean section, with precautions against any 
undue tension on the umbilical cord, which was protected with gauze moistened in warm saline. 
Breathing was prevented by pulling a rubber bag filled with amniotic fluid or warm saline over 
the head. The foetus was kept warm and was placed, usually in a lateral position, on a Philips 
X-ray image intensifier, level with or just below the placenta, Indirect cineradiographs were 
taken at 26 frames/sec, using a 35 mm camera (Ardran & Wyatt, 1954). As contrast medium 
thorium dioxide (Thorotrast; Heyden Chemical Co.) was used in a volume of 0-15-1-0 ml. (usually 
0-25 ml. or less). It was injected either into a catheter passed down an external jugular vein into 
the superior vena cava, or directly into the umbilical vein. When both superior and inferior vena 
caval blood flows were depicted in the same foetus, the umbilical injections was given after the 
jugular, as bleeding from the umbilical vein on withdrawal of the needle could not be controlled. 
Injections into the aortic arch were made through a catheter introduced into the left carotid 
artery. All films were examined both on projection and as stills. 

In ten foetuses carotid arterial blood samples were obtained on an average 5 min before the 
injection of thorotrast, by direct arterial puncture or after cannulation with a polythene catheter. 
The samples were mixed with a small quantity of heparin (20%) and sodium fluoride (4%) and 
were kept at 0° C. They were analysed for their oxygen contents and capacity by the method 
described by Born, Dawes & Mott (1955) using 0-2 ml. samples and 0-3 ml. of buffer solution. 

Positive pressure ventilation of the rabbit, dog and cat foetus. Thirteen rabbit, six dog and three 
cat foetuses were used. The rabbits were at 28-31 days gestation. Five of the puppies were at 
55-60 days, while one was at a much earlier gestational age, judging by its weight, crown-rump 
length and general appearance. The kittens were all at 55-60 days gestation. The maternal rabbits 
and dogs were anaesthetized with sodium pentobarbitone, 30-40 mg/kg intravenously, followed 
where necessary by a little ether. The cats were anaesthetized with chloralose, 60 mg/kg, after 
ethyl chloride induction. The maternal carotid blood pressure was recorded with a mercury 
manometer. 

The foetuses were delivered by Caesarean section, and the trachea was cannulated. Foetal 
blood pressure was recorded from a carotid artery by a no. 20 or 21 Luer needle attached to the 
gauge-head of a condenser manometer. Heparin was injected into the gauge-head to mitigate 
clotting. The damped natural frequency of the needle and gauge-head was about 50 c/s. The 
pressure record was displayed on a cathode-ray tube (which was photographed at intervals), and 
also on meters reading directly in mm Hg (mean pressure). The photographic records were measured 
with a travelling microscope and are estimated to have a possible absolute error of +2 mm Hg 
and a probable absolute error of +1 mm Hg. 

After allowing the preparation to become stable, the fluid present in the upper air passage was 
sucked out and positive pressure ventilation was begun, using a Palmer Miniature Ideal respiration 
pump (total capacity, 25 ml.) at a frequency of 38-40 strokes/min. The stroke volume varied from 
2 to 8 ml. according to the size of the foetus. 


RESULTS 
Cineangiographic observations on foetal puppres 

In ten foetal puppies the carotid O, saturation ranged from 19 to 68%, and in 
seven of them it exceeded 50% (Table 1). The majority of these puppies were 
therefore in satisfactory condition. Barcroft, Barron, Cowie & Forsham (1940) 
recorded a value of 49-1 +9-7% for seven lambs over 130 days of gestation, 
while that of Dawes et al. (1954), 62-3+5-3%, is rather higher. The low 
figure of 19% recorded in one foetal puppy confirmed the poor state of the 
umbilical cord which was observed at that time; this particular sample was, 
however, taken about 15 min after injection of Thorotrast. 
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External jugular vein injection. The contrast medium, entering the heart 
from the anterior (superior) vena cava, passed through the right side of the 
heart, leaving it along the ductus arteriosus and pulmonary arteries, and 
producing a picture (PI. 1, fig. 1) in twelve out of thirteen instances which is 
similar to that shown by Barclay et al. (1944) in the lamb. In the thirteenth 
injection, the antero-posterior position of the foetus precluded observation of 
the usual appearance, but even here it was seen that flow proceeded through 
the right ventricle. Pl. 1, fig. 1, also confirms the conclusion of Franklin (1948), 
based on post-mortem dissection, that the anterior vena caval flow in the dog 
foetus proceeds directly to the right atrio-ventricular orifice, without any 
reflected component. Flow through the pulmonary arteries was only seen 
after nine jugular injections, because of the small calibre of the vessels and 
the limit to the amount of contrast medium which could be injected without 


producing undesirable pressure changes. 


TaBwz 1, Carotid O, saturation of foetal puppies from three litters 


Carotid arterial Carotid arterial 

Foetus % O, saturation Foetus % O, saturation 
Al 55 B4 66 
A2 55-5 B6 59 
A3 19* B7 55 
A4 40-6 Cl 68 
Bl 53 C3 31 


* Umbilical cord in poor condition. 


Retrograde flow past the crista interveniens (tubercle of Lower) and down 
the thoracic inferior vena cava (Pl. 1, fig. 2) occurred after eight of the thirteen 
injections, and resulted in the appearance of Thorotrast in the left heart, as 
indicated by opacification of the arch of the aorta, in five instances. However, 
this flow through the aortic arch could not account for the descending aortic 
shadow seen almost immediately after entry of the contrast medium into the 
right ventricle. These records also showed that in the dog, unlike the sheep, 
there is an appreciable space between the aortic arch and ductus arteriosus on 
lateral or oblique projection. The descending aorta and the umbilical arteries 
were often shown and it was obvious that the umbilical (not the iliac) arteries 
are the true terminations of the aorta in the foetus. 

Umbilical vein injection. In all five puppies Thorotrast passed up the 
umbilical vein to the liver and thereafter entered the thoracic inferior vena 
cava both directly by way of the ductus venosus, and indirectly, after 
traversing part of the liver, by the hepatic veins. Pooling of the contrast 
medium was always seen at a point just distal to where it entered the thoracic 
vena cava, corresponding to the anatomical sinus present at this level (Barclay 
et al. 1944, p. 170). The part of the liver vessels outlined by the umbilical 
venous flow corresponded with the arrangement which Barclay et al. (1944) 
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described in lambs (PI. 1, fig. 3). The ductus venosus, on lateral projection, 
appeared as a straight line rather than the angled structure seen in fig. 34c 
of Barclay et al. (1944). The Thorotrast usually proceeded to the far end of the 
portal sinus (sinus intermedius). It is unfortunate that the small size of the 
puppies prevented mesenteric venous injections from being made, in order to 
depict the portal venous distribution. 

When it reached the heart the stream of contrast medium was split into two 
by the crista dividens (PI. 1, fig. 4). The further course of the right-hand stream 
through the right atrium and ventricle was impossible to follow, because the 
small volume of medium traversing this route cast such a faint shadow. The 
left-hand stream passed from the inferior vena cava through the foramen 
ovale, into the left heart, round the aortic arch and down the descending aorta. 


Changes on ventilation 

Blood pressure. The stroke of the respiration pump was adjusted so that the 
chest was gently expanded. Ventilation was adequate, as shown by the carotid 
arterial O, saturation, which exceeded 85% in three out of four rabbits, 
10 min after tying the cord and beginning ventilation. Post-mortem examina- 
tion showed no evidence of over-distension of the lungs. 

The carotid arterial blood pressure in mature foetal rabbits is about 
20 mm Hg, and in ten out of fourteen rabbits there was an immediate fall on 
ventilation (Table 2, Text-fig. 1). In one other rabbit no record was taken, 
but the pressure was also seen to fall. In five mature foetal puppies and three 
kittens there was also a fall in blood pressure on ventilation. This fall is 
attributable to an increase in pulmonary vascular conductance, such as has 
been demonstrated directly in the lamb (Dawes et al. 1953). All these foetuses 
were pink and in good condition. 

By contrast, in four rabbits, in which umbilical flow had almost ceased, 
ventilation caused a rise of blood pressure. These were the four rabbits with 
the lowest heart rates. When the umbilical circulation is impaired the heart 
slows and the blood pressure begins to fall, but only very gradually. These 
rabbits were partly asphyxiated, and the rise of blood pressure is a measure 
of the recovery of their heart and circulation. 

In general, tying the umbilical cord some minutes after ventilation had 
begun caused an immediate small rise of blood pressure, such as would be 
expected from interruption of blood flow through any large fraction of the 
peripheral vascular bed. 

In one puppy the thorax was opened 33 min after beginning ventilation. 
The aortic and pulmonary arterial pressures were recorded simultaneously by 
needles plunged through the vessel wall. They were 35 and 21 mm Hg 
respectively. A similar large pressure difference between the two vessels was 
observed in four other puppies which had breathed spontaneously after natural 
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Text-fig. 1. Mature rabbit foetus, delivered by Caesarean section 14 min. Positive pressure 


ventilation caused a fall in systemic blood pressure. 


Tas_z 2. Changes in mean blood pressure on ventilation of foetuses for the first time 


Blood pressure (mm Hg) 
Heart rate* After Change 
(beats/min) Initial ventilation (%) 
Rabbit 248 17 12 — 29-4 
186 18-5 10 
222 22 15 — 32 
60 8-5 26 + 206 
108 24 32 + 33 
108 19-5 25 +28 
114 19 15 -21 
300 21 13 — 38 
192 19 16 158 
192 18 15 ~ 16-7 
234 22-5 18 — 20 
66 20 34 +70 
Dog 186 35 28-5 — 18-5 
126 48 30-5 — 36-5 
198 29 18-5 -— 36 
108 31-5 29 -8 
186 46 36 — 22 
Cat 120 18 13-5 — 25 
228 26-5 20-5 - 23 
264 31-5 26-5 15-9 


* Heart rate denotes the level recorded just before beginning ventilation. 
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delivery 17-26 hr previously. In one of the latter, and in one other puppy, 
a murmur was heard on auscultation over the ductus. 

Cineangiographic observations on ventilated puppies. After ventilation the 
pulmonary vessels filled more rapidly and more completely, though the 
Thorotrast could not be seen in the smaller branches (compare Pl. 1, figs. 1 
and 5). This is in accord with the observations of Barclay, Barcroft, Barron, 
Franklin & Prichard (1942) and of Reynolds, Ardran & Prichard (1954) in 
sheep. 


TaBLE 3. Cineangiographic observations on blood flow through the ductus arteriosus 
in new-born puppies after ventilation 


Time after 
ventilation Flow seen through 
Site of injection Foetus (min) ductus arteriosus 

Jugular vein 1 10 Yes 
2 15 Yes 

3 15 Yes 

4 18 Yes 

5 25 Yes 

6 230* Yes 

7 10 No 

s 20 No 

9 285* No 

285* No 

Carotid artery 8 28 Yes 
10 30 Yes 

10 40 Yes 

5 45 Yes 
6 256* Yes 

9 290* Yes 

* Spontaneous breathing. 


Apart from changes in the lungs, the principal interest in the course of the 
circulation in the new-born puppy centres round the flow of blood through the _ 
ductus arteriosus. Table 3 shows that after six out of ten jugular injections 
contrast medium was seen to pass through the ductus arteriosus and into the 
descending aorta between 10 and 230 min after ventilation. In the remaining 
four puppies there was no evidence of the passage of contrast medium through 
the ductus, and in two of these a ‘stub’ was seen at the point where the ductus 
springs from the pulmonary trunk, similar to that observed by Barclay et al. 
(1944) in lambs. In one or two instances Thorotrast passed from the right 
ventricle into the descending aorta through the ductus arteriosus, and then 
travelled some little distance up the arch of the aorta. This finding tends to 
support the statement of Burchell, Swan & Wood (1953) that, in human beings 
with a patent ductus arteriosus and pulmonary hypertension, there may be 
cyanosis of the left arm. 

After all six carotid injections, Thorotrast was seen to pass from the aorta 
along the ductus arteriosus towards the pulmonary arteries, but in only two 
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puppies were the latter seen (PI. 1, fig. 6). This was perhaps because of dilution 
of Thorotrast with non-opaque blood from the right ventricle. 

Hamilton et al. (1937) suggested that there was a valve at the aortic end of 
the ductus arteriosus which prevented blood passing from the aorta to the 
lungs, in new-born puppies and rabbits. In the present experiments, saline, 
indian ink or air injected into the descending aorta passed with equal facility 
along both the aortic arch and the ductus arteriosus. After injection of indian 
ink a heavy deposit of pigment was seen in the lungs. In some animals the 
ductus arteriosus had constricted. This constriction was always at a point 
proximal to the junction between ductus and aorta, and the indian ink or 
saline travelled along the ductus as far as the point of constriction. Examina- 
tion of the junction afterwards showed no evidence that excessive force had 
torn a valve. 

Specimens of this area were examined from fifty-eight foetal or new-born 
rabbits and thirty foetal dogs. The union between ductus arteriosus and aorta 
resulted in the formation of a ridge (the crista reuniens) which had a well- 
defined, rather blunt, crescentic margin, with the concavity of the crescent 
directed distally (Pl. 2). This is very different from the ‘flap-like structure’ 
described by Hamilton et al. (1937). In fact, the ridge is merely the distal edge 
of the party wall at the point where the ductus arteriosus and the aortic arch 
meet to form the descending aorta. In Pl. 2 it can be seen that the ductus is 
constricted at a point which is an appreciable distance proximal to the crista 
reuniens. There is no evidence that the crista reuniens can act as a valve, and 
it must therefore be the muscular wall of the ductus arteriosus which causes 
constriction, as in the lamb (Barclay e al. 1944; Barcroft, 1946; Born et al. 
1956). 


DISCUSSION 


The course of the circulation through the principal vessels of the dog foetus 
near term, as seen on cineangiography, corresponds closely with that previously 
described in the sheep and the goat foetus (Barclay et al. 1943). These findings 
are, however, at variance with the inferences drawn by Everett & Johnson 
(1950) who injected a radioactive phosphorus solution into the umbilical or 
external jugular vein of puppies near term. Simultaneous blood samples were 
taken from the ventricles. From measurements of the radioactivity of these 
samples, it was concluded that superior vena caval flow proceeded directly 
both to the right ventricle and, through the foramen ovale, to the left ventricle 
in the proportion of 3-4:1. They did not, however, consider the influence of 
an appreciable pulmonary circulation on these results. Thus, blood flow through 


the lungs after superior caval injection might account for recovery of material » 


from the left ventricle. It is also apparent from the cineangiographic records 
that when a solution is injected too rapidly into the superior vena cava, some 
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of the material may flow past the tubercle of Lower into the thoracic inferior 
vena cava, and so reach the left side of the heart. 

We may conclude that, under normal circumstances; (i) superior vena caval 
blood flows only to the right side of the heart and does not pass through the 
foramen ovale, (ii) the output of the right ventricle travels mainly through 
the ductus arteriosus and also in part through the lungs, (iii) the umbilical 
arteries are large and are the true terminal branches of the aorta in the foetus, 
(iv) the inferior vena caval flow divides, on the crista dividens, into a major 
left and a minor right terminal stream, and (v) blood leaving the left ventricle 
proceeds round the aortic arch and down the descending aorta as well as to the 
heart, the head and the fore-quarters. 

The fall in systemic arterial blood pressure, seen in the normal mature 
rabbit, dog and cat foetus on beginning ventilation of the lungs, is probably 
due to an increase in pulmonary blood flow as in the sheep (Dawes et al. 1953). 
Woodbury et al. (1935) and Hamilton et al. (1937) stated that right ventricular 
pressure fell on ventilating dog and rabbit foetuses. However, both Abel & 
Windle (1939) and Smith & Kaplan (1942) pointed out that their records 
showed that both pressures rose, though the right rose less than the left. In 
four rabbit foetuses in the present paper, ventilation did indeed cause a rise 
in systemic arterial pressure. But these were the foetuses with the lowest 
heart rates, and there is good reason to believe that they had a low umbilical 
flow and were severely asphyxiated. Woodbury ef al. (1935) also observed that 
there was no change in blood pressure when the umbilical cord was tied in 
their experiments, and thence inferred that umbilical flow must have been 
much reduced. Therefore, while adequate ventilation of the lungs causes a fall 
of blood pressure in dogs or rabbits which are in good condition, it may cause 
a rise when they are asphyxiated. This is probably attributable to an increase 
in cardiac output as asphyxia is relieved. These observations do not necessarily 
imply that there is a fall in pulmonary arterial and systemic blood pressures 
when breathing begins in unanaesthetized subjects of all species. In lambs 
which breathe spontaneously there is usually an asphyxial rise of blood 
pressure after the umbilical cord is tied (Barcroft, 1938; Born et al. 1956). 
When asphyxia is prevented by adequate ventilation, the fall of pressure due 
to increased pulmonary flow is seen. Asphyxia does not cause a rise of blood 
pressure in rabbits (Bauer, 1939; Handler, unpublished) although it does in 
cats (Clark, 1932). No reliable data exist for the dog foetus at term. The 
response of each species may vary. | 

It is evident that for some time after birth the ductus arteriosus is patent 
in the puppy. The cineangiographic observations, which were made while the 
chest was intact, suggested that blood might flow in either direction according 
to the site of injection of the contrast medium. The limitations of cineangio- 


graphy were discussed by Dawes et al. (1955), and they suggested that the 
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volume of contrast medium injected might sometimes disturb the pressure 
relations across the ductus arteriosus. Certainly, when the chest was opened 
some time after delivery the pressure in the pulmonary trunk was less than 
that in the aorta. So long as the ductus arteriosus is wide open, any change of 
pressure in the pulmonary artery will be communicated to the aorta. The 
fact that, within a short time of beginning breathing, the pressures differ so 
greatly in the new-born puppy, suggests that the ductus rapidly constricts or 
shuts. Woodbury et al. (1935) and Hamilton et al. (1937) attributed closure of 
the ductus to the action of a valve at its aortic end, consequent on the fall of 
pulmonary arterial pressure. No such valve exists. Although the crista 
reuniens may sometimes look like a valve, contrast medium, saline or indian 
ink readily passes through the ductus from aorta to the lungs. The mechanism 
of closure of the ductus has not been studied systematically in puppies, 
kittens or rabbits, but is probably due to the muscular contraction of the 
vessel wall. 
SUMMARY 

1. The course of the foetal circulation in mature foetal dogs, delivered by 
Caesarean section, was similar to that previously described in sheep, as shown 
by cineangiography. 

2. Positive pressure ventilation of the lungs in mature foetal dogs, cats and 
rabbits usually caused a fall of blood pressure, which was attributed to an 
increase of pulmonary vascular conductance. In rabbits which were asphyxi- 
ated, because umbilical blood flow was impaired, ventilation caused a rise of 
blood pressure. 

3. After ventilation the pulmonary vessels filled more rapidly and more com- 
pletely in new-born dogs. Contrast medium passed in either direction through 
the ductus arteriosus according to the site of injection, although the pulmonary 
arterial pressure was less than that in the descending aorta. There was no 
functional valve at the aortic end of the ductus arteriosus in dogs or rabbits. 

I wish to acknowledge the constant encouragement and help afforded by Dr G. 8. Dawes. I 
am also grateful to Dr G. M. Ardran for advice on cineradiographie technique and to Dr D. G. 


Wyatt for instruction in the use of condenser manometers. For technical assistance, I am parti- 
cularly indebted to Messrs T. G. Denton and G. K. Smith. 
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EXPLANATION OF PLATES 
Prats | 
Fig. 1. Foetal puppy. after injection of Thorotrast into an external jugular vein: 
to show flow through the right heart to the descending aorta. 
Fig. 2. As fig. 1, to show retrograde flow from the superior vena cava past the tubercle of Lower 


into the inferior vena cava. 
Fig. 3. Foetal puppy. Cineangiogram after injection of Thorotrast into the umbilical vein: to 


show flow through the liver. 
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Fig. 4. As fig. 3, to show flow to either side of the crista dividens as the contrast medium enters 
the heart. 

Fig. 5. New-born puppy, breathing spontaneously, about 4 hr old. Cineangiogram after injection 
of Thorotrast into a jugular vein: to show good pulmonary blood flow and passage of contrast 
medium from the pulmonary trunk down the descending aorta. 

Fig. 6. As fig. 5, some minutes later. Cineangiogram after injection of Thorotrast into the aortic 
arch: to show passage of contrast medium down the descending aorta and simultaneously 
into a pulmonary artery. 


PLaTE 2 
Photographs of the crista reuniens (Cc) in two mature foetal rabbits. In a the ductus arteriosus 
(D.4.) has been slit open; the ductus is partially constricted. In } the aortic arch (a.a.) has 
been opened to show the crista reuniens from the other side. 
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CONCENTRATION OF RADIO-IODIDE AND “S-LABELLED 
THIOCYANATE BY THE STOMACH OF THE HAMSTER 


By J. H. LOGOTHETOPOULOS* anp N. B. MYANT 


From the Department of Pathology, and the M.R.C. Experimental 
Radiopathology Research Unit, Hammersmith Hospital, London 


(Received 22 March 1956) 


Iodide is known to be concentrated in gastric juice (Elmer, 1938). In an 
attempt to identify the cells responsible for concentrating iodide in human 
gastric juice, Honour, Myant & Rowlands (1952) measured the gastric juice/ 
plasma radio-iodide concentration ratio (GJ/P ratio) in patients given injections 
of radio-iodide in conditions in which the secretion of acid and pepsin varied. 
Their results suggested that the iodide-concentrating mechanism does not 
depend on the acid- or pepsin-secreting cells, but their evidence was not con- 
clusive. Thiocyanate is also known to be concentrated in gastric juice (Crandall 
& Anderson, 1934), and to inhibit the concentration of iodide by the stomach 
(Mason, Kirschbaum & Collins, 1951). It seemed of interest, therefore, to see 
whether iodide and thiocyanate are concentrated by the same cells of the 
stomach. Most of our observations were made on hamsters, but a few results 
obtained with mice, rats and guinea-pigs are also included in this paper. 


METHODS 


Adult animals, starved for 24 hr, were given intramuscular injections of carrier-free radio-iodide as 
Na™ (2 wo/g body weight) or of **S-labelled thiocyanate (1 with 0-5 ug of carrier/uec). One 
hour later the animals were anaesthetized, the stomach opened, and the gastric contents sucked 
out. Portions of the fore-stomach (lined by squamous epithelium), of the fundus, of the pyloric 
part of the stomach attached to a piece of duodenum, and of large and small intestine, were 
removed and placed immediately in dichloro-difluoro-methane cooled in liquid air. They were then 
dried from the frozen state at —40° C for 72 hr. Contact autoradiographs were made as described 
elsewhere (Doniach & Logothetopoulos, 1955). Similar pieces of tissue were removed for measure- 
ment of radioactivity. A blood sample was taken from the heart as soon as the animal was killed. 

Measurement of radioactivity. For measurement of I activity the tissues were blotted, 
weighed, and digested in 2 n-NaOH and the radioactivity measured in samples of 10 ml. in a 
M.R.C. scintillation counter. Plasma samples were weighed and made up to 10 ml. with water. 


* Present address: Banting and Best Department of Medical Research, University of Toronto, 
Canada, 
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For measurement of *S activity the tissues were blotted and then frozen in liquid air. The 
frozen material was ground to a fine powder and plated out on polythene planchets 0-5 cm? in 
area. The planchet was surrounded by crushed solid CO, while the sample was plated, and the 
powder was pressed into the planchet with a stainless steel cylinder cooled in solid CO,. Samples 
of plasma and gastric juice were pipetted on to the planchet. All the samples were measured 
with a thin mica window (1-5 mg/om*) Geiger—Miiller counter (EHM 2/S, G.E.C. Research Labora- 
tories) immediately after plating. When enough tissue was available, duplicate samples were 
prepared. The radioactivity in duplicate samples obtained from separate portions of the same 
stomach agreed to within +7%. Enough material was used to give ‘infinite thickness’, and in 
these conditions the radioactivity per gram of tissue was directly proportional to the counting 
rate. 

Chromatography. The chemical form of the radioactivity was analysed quantitatively by paper 
chromatography in one dimension. Samples of plasma and gastric juice were put on to strips 
of Whatman no. 3MM paper. Portions of the stomach were homogenized in a glass homogenizer 
with a few drops of water, and aliquots from the whole homogenate were then put on the paper. 
For I, butanol (4 vol.) and dioxane (1 vol.) saturated with ammonia (2) were used as solvents, 
with iodide, diiodotyrosine, thyroxine and triiodothyronine as markers. For **S, butanol (80 ml.), 
pyridine (40 ml.), water (80 ml.) and 2N-ammonia (5 ml.) were shaken and allowed to settle. 
The upper layer was taken for chromatography. The peaks of radioactivity corresponding to 
thiocyanate and sulphate were identified by their Rp values (Pollard & McOmie, 1953). Radio- 
activity at different regions along the paper was measured with a continuously recording scanner 
and the propurtion of the total activity at each peak estimated from the area under the peak. 

Materials. The ™S-labelled thiocyanate was obtained from the Radio-chemical Centre, 
Amersham. Freshly prepared solutions of this material, when analysed by paper chromatography, 
showed a single peak at Rp 0-80. Solutions kept for several days showed a small peak (up to 5% 
of the total radioactivity) at Rr 0-10-0-12, probably due to the formation of *S-labelled sulphate. 
The labelled thiocyanate used for injection was either freshly prepared, or was purified by 
chromatographic separation on paper, with subsequent elution of the radioactive material from 
the section of paper corresponding to the thiocyanate peak of radioactivity. 


RESULTS 
Tissue/ plasma concentration ratio 

The GJ/P and tissue/plasma concentration ratios were measured in hamsters, 
mice, rats and guinea-pigs after injections of radio-iodide and labelled thio- 
cyanate. Similar results were obtained from all four species (Table 1). In the 
fore-stomach and in the small and large intestine the concentration of both 
131[ and 8 was lower than the concentration in the plasma. In the fundus 
and the pyloric part of the stomach and in gastric juice the concentration of 
both I and *S was several times that in the plasma, and the GJ/P ratio 
always exceeded the stomach wall/plasma ratio. Single observations on the 
131] and *§ concentration ratios in the stomach and gastric juice of 50-day-old 
foetal guinea-pigs are included in Table 1. The results were similar to those 
obtained in adult guinea-pigs. 

_ Inorder to exclude the possibility that the high concentration ratios observed 
in the gastic juice were due to swallowed saliva, injections of radioactive 
material were made into mice and hamsters after a ligature had been tied 
round the junction between the fore-stomach and the fundus. A ligature tied 
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in this way separates the opening of the oesophagus from the fundus of the 
stomach. In these experiments the ™I and *°8 concentration ratios observed 
in gastric juice and stomach wall, obtained from the stomach beyond the 
ligature, were similar to those in Table 1. An alkaline fluid, obtained from the 
fore-stomach, showed radioactivity at a lower concentration than that in the 
plasma, after injections of **S-labelled thiocyanate and of radio-iodide. From 
these results it may be concluded that the high concentrations of I and *S 
observed in the gastric juice were due to secretion by the glandular part of the 
stomach. 


TaBLE 1. Gastric juice/plasma and stomach wall/plasma radioactivity concentration ratios 
1 hr after intramuscular injection of radio-iodide or “S-thiocyanate 


Gastric juice Fore-stomach — Glandular stomach 
Hamster 26-2 88419 010 0-38 61414 99 +61 
Mouse 6-024 2-1 56+ 037 0-09 0494010 53424 215404 
Rat 13-1 +41 18-04 3-2 = — 3-3 2-7 
Guinea-pig 231438  33-8+425-1 53417 43 420 
Guinea-pig 17-4 7-4 3-2 2-1 
foetus* 


* Values refer to foetal gastric juice/foetal plasma ratio and foetal stomach waili/foetal plasma 
ratio at 1 hr after injection into mother. 


Autoradiography 

Autoradiographs of the fundus and pyloric part of the stomach taken after 
injections of radio-iodide and *S thiocyanate were similar in every detail. In 
sections of the fundus the blackening on the autoradiograph was seen to 
correspond with the surface epithelium, extending down to the bottom of the 
gastric pits and ceasing abruptly at this level (Pls. 1, 2). The degree of 
blackening over the gastric glands was no greater than that over blood vessels. 
In sections of the pyloric part (Pl. 3) blackening on the autoradiograph was 
also present over the epithelium, but the blackening extended farther down 
into the mucosa, and showed a branching pattern corresponding to the 
greater depth and degree of branching of the gastric pits in this part of the 
stomach. The intensity of blackening over the pyloric glands at the base of 
the mucosa was only a little greater than that over the gastric muscles, 
but there was a faint line of blackening over the vascular layer of the 
submucosa. 

Examined under higher magnification, the blackening was seen to extend 
to the outer margins of the walls of the gastric pits, without apparent diminu- 
tion in intensity. Blackening was also well marked over gastric pits cut 
longitudinally in such a way that the lumen was not included in the section. 
It seems probable, therefore, that radioactivity within the cells contributed to 
the blackening. 
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Autoradiographs made from sections which included the junction of the 
fore-stomach and the fundus (PI. 4, fig. 1) showed blackening extending over 
the fundus up to the junction, but not over the fore-stomach. On autoradio- 
graphs of sections including the pyloric part and the duodenum, the blackening 
extended as far as the pylorus, and was not significantly greater over the 
epithelium or the glands of the duodenum than over the submucosa of the 
pyloric part (Pl. 4, fig. 2). Autoradiographs made from the small intestine 
and colon of the same hamster showed a degree of blackening over the mucosa 
that was no greater than the background intensity over the intestinal muscles. 

Sections made from the stomach after injections of radio-iodide or labelled 
thiocyanate, and treated with water after alcohol fixation, gave no blackening 
on the autoradiograph. 


The chemical form of the 1 and *8 

After injections of radio-iodide, 90-95 °/ of the total radioactivity in all the 
tissues examined was identified as iodide (Text-fig. 1). Significant amounts of 
radioactivity were not observed at the spots of the other markers. On most 
of the chromatograms there was also a small unidentified peak at the origin. 

After injections of labelled thiocyanate, most of the activity on all the 
chromatograms was confined to a well-defined peak at R, 0-75-0-80. This was 
the position to which the labelled thiocyanate moved when it was chromato- 
graphed by itself or after being added tn vitro to a homogenate of stomach wall. 
In gastric juice and in homogenates of the fundus and the pyloric part of the 
stomach wall, there was an additional peak at R, 0-10, accounting for up to 
15% of the total activity (Text-fig. 2). This peak had the same FR, value as 
the peak given by *SO, added to gastric juice in vitro and chromatographed 
with the same solvents. 

DISCUSSION 

These results show that iodide and thiocyanate are both concentrated in the 
gastric juice by the epithelial cells of the gastric mucosa, but that neither of 
these ions is concentrated elsewhere in the gut. Gastric concentration of iodide 
and thiocyanate occurs in hamsters, mice, rats and guinea-pigs, and, as 
suggested by the single observations on guinea-pigs, it probably begins in 
foetal life. The chromatographic analysis shows that iodide and thiocyanate 
are both concentrated mainly as unbound, or loosely bound, ions, although 
thiocyanate undergoes some oxidation to sulphate. Since radioactive sulphate 
was present only in minute traces in the plasma samples, it seems likely that 
the radioactive sulphate secreted in the gastric juice was formed in the stomach 
itself. We have shown elsewhere (Logothetopoulos, J. H..& Myant, N. B., 
: unpublished) that iodide and thiocyanate are concentrated by the same cells 
in the parotid and submaxillary salivary glands of hamsters and mice, but that 
neither ion is concentrated in the saliva of rats. 
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DIT lodide THX 353 
= 


Solvent front 


Text-fig. 1. Distribution of I activity along ascending chromatogram from gastric juice of 
hamster, | hr after injection of radio-iodide; butanol, dioxane and ammonia used as solvents. 
Arrow indicates solvent front. Markers: DIT, diiodotyrosine; iodide; THX, thyroxine; 
353, triiodothyronine. 


R, 012 R, 0-80 


| R, 0-10 


Distance from origin 


Text-fig. 2. Distribution of 8 activity along ascending chromatograms, with butanol, pyridine, 
| water and ammonia as solvents. All chromatograms reduced to the same distance between 
origin and solvent front. Arrow indicates solvent front; a, with pure *SO,; b, with *S-labelled 

as used for injection; c, homogenate of fundus of stomach wall of hamster at 
1 hr after “§-labelled thiocyanate 1.M. 
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From these similarities between iodide and thiocyanate, and from the mutual 
antagonism they exert in the body (Goodman & Gilman, 1955), it appears 
probable that active transport of both ions is brought about by the same 
mechanism. 


SUMMARY 


1. Radio-iodide and *S-thiocyanate are concentrated in the gastric juice and 
glandular stomach wall of hamsters, mice, rats and guinea-pigs. The ' I 
gastric juice/plasma concentration ratio (GJ/P) varied from 6-0 to 26-2; the 
ratio for *8 varied from 5-6 to 33-8. 

2. After injections of radio-iodide or *S-thiocyanate into pregnant guinea- 
pigs, the GJ/P ratios in the foetus were not significantly different from those 
observed in adult guinea-pigs. 

3. Autoradiographs made from freeze-dried sections showed that selective 
concentration of iodide and thiocyanate occurs in the cells of the surface 
epithelium and gastric pits of the fundus and pyloric part of the stomach. 
Selective concentration was not observed in the fore-stomach, gastric glands, 
duodenum, jejunum, ileum or colon. 

4. After injections of radio-iodide or *S-thiocyanate, most of the radio- 
activity concentrated in the gastric juice and stomach wall was identified as 
unbound iodide or unbound thiocyanate. 
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EXPLANATION OF PLATES 


1 
Mucosa from fundus of hamster's stomach. Each section aligned above the corresponding auto- 
radiograph after radio-iodide (A) and *S-thiocyanate (B). bv, blood vessel; p, gastric pits; 
g, gastric glands, The faint vertical streaks on the autoradiograph (A) over the gastric glands 
do not correspond to any histological structure and are probably due to ridges made in the 
cutting of the section. (Haematoxylin and eosin.) — 
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Piate 2 
Same as Pl. 1, but cut tangentially. (A, periodic acid-Schiff and haematoxylin; B, haematoxylin 
and eosin.) 
Puiate 3 
Mucosa from pyloric part of stomach of hamster after radio-idide (A) and *S-thiocyanate (B). 


Each section aligned above autoradiograph. p, gastric pits; d, pyloric glands; su, submucosa. 
(Periodic acid-Schiff and haematoxylin.) 


Piate 4 


Fig. 1. Mucosa from fundus and fore-stomach of mouse after "I, with corresponding auto- 
radiograph. fu, fundus; fo, fore-stomach. Some of the blackening over the surface of the 
fore-stomach on the autoradiograph is due to radioactive food particles. (Haematoxylin and . 
eosin.) 

Fig. 2. Junction of pyloric region of stomach and duodenum of hamster after I. ju, approxi- 
mate position of junction; de, duodenal epithelium; vi, villus; br, Brunner’s glands. Black 
areas over the duodenum are due to radioactive food. (Haematoxylin and eosin.) 
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A great deal of the experimental analysis of the physiology and pharmacology 
of the sympathetic nervous system has been carried out on the cervical 
sympathetic and the superior cervical ganglion. This is doubtless because of 
the accessibility of the structures, their very considerable size and their 
supposed simplicity of organization. In much of the work the general concept 
of this organization is one of preganglionic nerve fibres in the cervical sympa- 
thetic trunk, ganglion cells in the superior cervical ganglion and postganglionic 
fibres beyond. The cervical sympathetic trunk, however, appears on histological 
grounds to be complex to a degree that would not justify such a simple 
assumption (for a review of the literature see Mitchell, 1953). The present 
paper gives further evidence of the complexity of the cervical sympathetic 
system derived from a study of the evoked potentials in its several branches. 


METHODS 


Adult lop-eared rabbits (2-5-4 kg) were anaesthetized with urethane (about 2 g/kg). The right or 
left cervical sympathetic trunk (usually the right) was exposed, using a binocular microscope, and 
dissected from the body together with the superior cervical ganglion and as many of its post- 
ganglionic branches as was practicable. The ganglion with its pre- and postganglionic trunks was 
then placed in Locke’s solution in a Petri dish and the preparation cleaned of connective tissue 
under the microscope. The preparation was then mounted in paraffin floating on Locke's solution 
in such a way that pairs of platinum electrodes for stimulating or recording could be placed when 
required on the preganglionic or on any of the postganglionic branches. Wherever possible the 
course of these postganglionic fibres in the neck was determined by examination with a lower- power 
dissecting microscope before the preparation was removed from the animal. The electronic 
stimulator used had an RF output unit (Schmitt, 1948) which effectively isolated the stimulus 
from earth and so minimized stimulus escape and greatly reduced the shock artifact. 

The paraffin in which the ganglion was suspended for the duration of the experiment had 
previously stood for some time over Locke’s solution to prevent it dehydrating the nerve. It was 
continuously bubbled with gas (95% O, and 5% CO,), the main purpose of which was to stir the 
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fluid and prevent temperature gradients. Temperature was measured by means of a thermo- 
coupie. It was found early in the experiments that ganglionic transmission seemed unimpaired 
at room temperature (20-26° C), using the postganglionic responses to infrequent stimulation of 
the preganglionic trunk as a criterion. Most of the experiments were performed at this tempera- 
ture: on occasions the temperature was raised to about 37° C to make measurements of conduction 
velocity. There was no apparent deterioration in these preparations, such as was observed by 
Brown & Pascoe (1952) to take place in the inferior mesenteric ganglion, even when the 
experiments were continued for 36 hr after dissection. 


Vv 


Fig. 1. Action potentials set up in the isolated right cervical sympathetic trunk of the rabbit. 
Temp.: 34° C. Time: 20 msec. A With an intensity of stimulation exciting both B and C 
fibres directly. B With a weaker intensity of stimulation exciting only the B fibres directly. 
In this and subsequent figures the arrangement of the recording and stimulating electrodes is 
shown at the foot of the figure. The superior cervical ganglion, and its postganglionic trunk, 
are on the left and the dot @ represents the position of the accessory cervical ganglion. 


RESULTS 


Strong stimulation (i.e. more than 20 times the threshold intensity) of the 
rabbit’s cervical sympathetic 10-20 mm _ below the superior cervical ganglion 
produced a complex action potential in the trunk a few mm lower down 
(Fig. 1A). There were two main components. The first was derived from the 
medullated, B type, preganglionic fibres, the fastest of which were found to 
conduct at just over 10 m/sec at 37° C. The later component travelled much 
more slowly and derived from a group of fibres the fastest of which conducted 
at a rate of 1 m/sec at 37°C and thus were non-medullated C type fibres. 
Very strong stimuli were required to evoke maximally the potentials of this 
latter group of non-medullated fibres, but we were surprised to find that even 
when very weak stimuli were used, some of the slowly conducted potential was 
nearly always present. Since the stimuli were of short duration and of just 
sufficient intensity to excite fast conducting medullated fibres they could not 
have excited non-medullated fibres directly. These latter fibres were in fact 
postganglionic fibres excited by activity in fast conducting preganglionics. 
The later sections describe the location of their ganglion cells and the distribu- 
tion pathways of the postganglionic fibres. 

When the trunk was stimulated just below the superior cervical ganglion 
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with a stimulus which directly excited only the medullated fibres, and the 
electrical activity in the trunk was recorded by electrodes placed 10-20 mm 
farther down, it was found that the late, slowly conducted wave was inverted, 
the two phases of the diphasic response being of opposite sign to the corre- 
sponding phases of the fast conducted potential (Fig. 1B). This meant that 
there was a slowly conducted C potential ascending in the trunk which was 
elicited by a descending B potential. The cell bodies of these C fibres therefore 
lay caudal to the superior cervical ganglion. 


147 


202 


280 


Fig. 2. Action potentials set up by stimulation near the superior cervical ganglion of the medul- 
lated fibres in the isolated right cervical sympathetic trunk of the rabbit. After each record 
the position of the recording electrodes was shifted, and the numerals at the sides of each 
trace indicate the distance in mm separating the nearer limb of the recording pair and the 
caudal pole of the superior cervical ganglion. The vertical positioning of each trace in the 
composite figure is proportional to this distance. Temp. : 34°C, Time: 3-3 msec. The B potential 
has been retouched. 


The discreteness of the recorded C potential indicated that the corre- 
sponding cell bodies were not scattered in the trunk (see Butson, 1950) but 
were grouped together in some ganglion. This ganglion was located in the con- 
ventional way (e.g. Brown & Pascoe, 1952) by stimulating at a fixed point in 
the trunk just below the superior cervical ganglion and moving the recording 
pair of electrodes progressively farther caudally (Fig. 2). Whereas the latency 
of the fast B potential became progressively greater, that of the C potential 
became progressively smaller and was minimal about 30-35 mm below the 
caudal pole of the superior cervical ganglion. This C potential was absent when 
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the recording electrodes were placed on the trunk 40 mm or more from the 
superior cervical ganglion. The conclusion was therefore drawn that a ganglion 
existed in this position, and this was confirmed by histological methods which 
revealed that this region was particularly rich in ganglion cells. A distinct 
swelling in the cervical sympathetic trunk could often be seen when this 
region was examined microscopically. A ganglion was regularly found electro- 
physiologically in this position, half-way between the caudal pole of the 
superior cervical ganglion and the ansa subclavia. It is thus unlikely to be 
part of the middle cervical ganglion but rather an accessory cervical ganglion 
such as that described by Langley (1893) in the cat. We shall refer to it there- 
fore as the accessory cervical ganglion. 

The results so far described were obtained when the trunk was stimalated 
near the superior cervical ganglion, and hence the excitatory preganglionic 
impulses arriving at the accessory ganglion were descending in the neck. The 
question whether they were normal sympathetic efferents originating in the 
thoracic cord, or whether they arose from some place head wards of the superior 
cervical ganglion was studied by occlusion experiments. Two pairs of stimu- 
lating electrodes were placed on the trunk, one pair between the accessory and 
superior cervical ganglions and the other pair below the accessory ganglion 
and as far towards the chest end of the trunk as possible: a pair of recording 
electrodes was placed on the trunk near the caudal pole of the superior cervical 
ganglion. The trunk was then stimulated at both pairs of electrodes at inten- 


. sities sufficient to excite directly only the medullated fibres, and by suitable 


> 


relative timing of the two stimuli it was found that just after the fast B potential 
set up by the more caudal pair of electrodes had passed, the trunk under the 
nearer pair was completely refractory, i.e. there was no difference in the 
potential set up whether stimuli were applied to both pairs or only to the more 
caudal pair. Similarly, by readjustment of the timing, the passage of an action 
potential set up by the nearer pair could completely extinguish the response to 
stimuli at the more caudal pair as it was being propagated headwards. There- 
fore, all the medullated fibres which reach the caudal pole of the superior 
cervical ganglion travel the whole length of the sympathetic trunk in the neck. 
These fibres seemed to end in the superior cervical ganglion as no activity in 
such medullated fibres could be detected in any of the major postganglionic 
branches from the superior cervical ganglion and the assumption was made 
that all the fast medullated fibres in the trunk just below the superior cervical 
ganglion were preganglionics which ended in that ganglion. This means that 
some of the cells of the accessory ganglion are excited by collaterals of 
medullated preganglionic fibres to the superior cervical ganglion. 

With the same arrangement of stimulating and recording electrodes it was 
shown, however, that not all the cells in the accessory ganglion are excited by 
collaterals from preganglionics to the higher cervical ganglion. Although the 
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B potential evoked by one pair of stimulating electrodes could occlude the 
other and the C potential evoked by the pair farther from the superior cervical 
ganglion could apparently occlude that produced by the nearer pair (thus 
confirming the presence of collateral innervation), it was found that a C 
potential evoked by stimulation of the B fibres near the caudal pole of the 
superior cervical ganglion could never occlude completely a potential similarly 
set up by B fibre stimulation at the farther pair of electrodes below the 
accessory cervical ganglion. These observations mean that some medullated 
fibres are stimulated by the lower pair of electrodes but not by the pair near 
the superior cervical ganglion and lead to the conclusion that some pre- 
ganglionic fibres to the accessory cervical ganglion terminate there. This con- 
clusion is supported by the finding that the C potential recorded in the trunk 
near the superior cervical ganglion was always larger if the trunk was stimulated 
just below the accessory ganglion than if stimulated above (Records 2 and | 
respectively, Fig. 3). 

The preganglionic fibres supplying the accessory ganglion belong to a large 
extent to the group of fastest conducting fibres in the rabbit’s cervical sym- 
pathetic trunk. In the experiment of Fig. 3 a pair of fixed recording electrodes 
was placed on the trunk near the superior cervical ganglion. The stimulating 
electrodes were moved from near the recording pair progressively towards the 
chest end of the trunk: the intensity of the stimuli was just sufficient to give 
maximal preganglionic stimulation. The B potentials set up, together with 


their associated postganglionic potentials, are shown in Fig. 3. The interrupted © 


line in Fig. 3 is drawn through the points at which the B potential begins in 
the serial records and thus reflects the conduction velocity in the fastest fibres. 
The solid line indicates how the time of arrival of the peak of the C potential at 
the recording electrodes varies with the position of the stimulating pair and in 
fact indicates the conduction velocity of preganglionic fibres to the accessory 
ganglion. The two lines are parallel, which shows that the velocity of conduction 
of at least many of the preganglionics to the accessory ganglion is that of the 
fastest fibres in the trunk and amounts in this example to somewhat over 
5 m/sec at 26°C. The peak of the B potential was propagated slightly more 
slowly. The conduction velocity of the postganglionic C potential of this same 
preparation at the same temperature was 0-6 m/sec. 

Further evidence that the faster fibres excite the cells of the accessory cervical 
ganglion was obtained in experiments where the intensity of the stimulus was 
varied. Even when only the fibres of lowest threshold (presumably the fastest 
fibres) were stimulated, a large postganglionic response was obtained from the 
accessory ganglion. | i 

In addition to the medullated preganglionic fibres discussed above and the 
non-medullated postganglionic fibres from the accessory cervical ganglion, 
the cervical sympathetic trunk contains a large number of non-medullated 
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fibres which run the whole course of the trunk in the neck to end in the superior 
cervical ganglion. These fibres, which can only be excited by strong stimulation 
of the trunk (Fig. 1 A), give rise to a postganglionic discharge from the superior 
cervical ganglion. These are the non-medullated preganglionic fibres described 
by previous workers (e.g. Bishop & Heinbecker, 1932; Butson, 1950). 


Fig. 3. Action potentials set up by stimulation in the lower part of the cervical sympathetic 
trunk of the medullated fibres in the isolated right cervical sympathetic trunk of the rabbit. 
The figures at the side of each trace represent the distance in mm of the stimulating cathode 
from the caudal pole of the superior cervical ganglion. The vertical positioning of each trace 
in the composite figure is proportional to this distance. Temp.: 26° C. Time: 20 msec. The 
accessory ganglion in this preparation lay between the positions of the stimulating electrodes 
in the top two traces: this is indicated by the latency of the C potential passing through a 
minimum. 


The accessory cervical ganglion appears to be cholinergic. Thus when the 
region where the ganglion had previously been located was painted with 
0-02°% (w/v) nicotine hydrogen tartrate or 0-1% (w/v) hexamethonium 
bromide, the pH of both solutions being brought to about 7-0, the C fibre 
response to B fibre stimulation disappeared. Transmission in the fibres which 
pass through the accessory cervical ganglion, both the B fibres and the C fibres, 
was not abolished, provided the nicotine was applied only for a hr tie and 
then washed off. Langley & Dickinson (1889) pointed out that, unless this 
procedure was adopted, nicotine blocks nerve fibres, especially in isolated pre- 
parations deprived of their blood supply. We confirmed that this did happen 
unless the precaution mentioned above was taken. 
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The distribution of the postganglionics from the accessory ganglion 

The postganglionic fibres of the accessory ganglion were followed electrically 
right up to the superior cervical ganglion. It is difficult to follow them through 
and beyond the ganglion because any potentials from this source would be 
completely swamped by potentials arising from fibres postganglionic to the 
superior cervical ganglion itself. However, when any of the twigs leaving the 
superior cervical ganglion (including those leaving near the caudal pole, those 
arising from the middle of the superior cervical ganglion and the main post- 
ganglionic trunk) were stimulated, a small C potential could usually be 
detected below the superior cervical ganglion in the cervical sympathetic 
trunk. A typical C potential of this kind is shown in Fig. 4 obtained on stimu- 
lation of a large branch from the middle of the superior cervical ganglion which 
runs medially towards the prevertebral muscles. 


Fig. 4. Action potentials set up in the isolated right cervical sympathetic trunk of the rabbit 
below the superior cervical ganglion by stimulation of a postganglionic twig of the superior 
cervical ganglion. Between the upper and lower records the stimulating electrodes were 
moved 5°8 mm along the twig from position a to position 6. Temp.: 28° C. Time: 20 msec. 


To establish that this C potential recorded in the cervical sympathetic trunk 
was in fact derived from fibres traversing the ganglion, and not from fibres 
travelling elsewhere which were spuriously excited by current escape, the 
effect of varying the position of the stimulating electrodes was observed. In 
the experiment of Fig. 4, when the stimulating pair was moved 5-8 mm farther 
along the postganglionic trunk the latency of the C potential increased by 
8 msec (compare the upper and lower records in Fig. 4). This shows that the 
potential shown in Fig. 4 was in fact conducted in the postganglionic trunk of 
the superior cervical ganglion at the rate of about 0-7 m/sec at 28° C and 
conducted from there through the superior cervical ganglion to the cervical 
sympathetic trunk. The potential illustrated in Fig. 4 is representative of the 
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smaller responses we obtained. Some branches of the superior cervical 
ganglion contained a much larger proportion of through fibres and hence larger 
potentials: Fig. 5 is representative of these. A large branch arising from the 
middle superior cervical ganglion and running towards the region of the junction 
of the internal and external carotid arteries regularly gave larger potentials 
and thus contained more through fibres than did the others. 

The slowly conducting fibres did not form synapses in the superior cervical 
ganglion, for after this ganglion had been painted with nicotine a through 
conducted potential was obtained whose conduction time remained the same 
whether the stimulating electrodes were on the postganglionic trunk of the 
superior cervical ganglion and the recording pair was on the preganglionic 
cervical sympathetic trunk, or vice versa. 


Fig. 5. Action potentials set up in the isolated right cervical sympathetic trunk of the rabbit 
below the superior cervical ganglion by stimulation of a postganglionic twig of the superior 
cervical ganglion. Between the upper and lower traces the recording electrodes were moved 
10 mm along the cervical sympathetic trunk from position a to position 6. Temp,: 20° C. 
Time: 3-3 msec. 


The C potential could never be recorded in the cervical sympathetic trunk 
if the recording electrodes were below the region of the previously located 
accessory ganglion. This made it likely that these C fibres traversing the 
ganglion were in fact the postganglionic fibres of the accessory ganglion and 
the proof followed from occlusion experiments. A pair of recording electrodes 
was placed near the accessory ganglion between it and the superior cervical 
ganglion. Two pairs of stimulating electrodes were used, one on the cervical 
sympathetic trunk near the chest end and the other on one of the post- 
ganglionic nerves of the superior cervical ganglion. A stimulus sufficient to 
excite directly only the B medullated fibres was applied to the first pair and a 
stimulus sufficient to elicit the through C fibre response was also applied to the 
other. Fig. 6 shows the result of such an experiment. The C potential elicited 
through the preganglionic stimulation at the pair near the chest end of the 
cervical sympathetic trunk abolished the response set up by stimulation at the 
other pair. The inference is thus that the response in the postganglionic fibres 
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set up by the first stimulus on passing beyond the recording pair of electrodes 
extinguishes the descending C potential set up by the second stimulus; that is, 
the two sets of C fibres are the same. 


Fig. 6. Action potentials set up in the isolated right cervical sympathetic trunk of the rabbit. 
A: by stimulation at a of the preganglionic fibres of the accessory cervical ganglion alone. 
B: by direct stimulation at b of the C fibres in a postganglionic twig of the superior cervical 
ganglion (large branch from middle of ganglion te junction of external and internal carotid 
arteries). C: by stimulation at a and b together. Time: 20 msec. Temp.: 24-5° C. 


DISCUSSION 


Langley (1893) found that in the cat there was sometimes a small ganglion 
sited on the cervical sympathetic trunk, at about the level of the origin of the 
thyroid artery. This small ganglion he called the accessory cervical ganglion. 
It was seen to give off postganglionic twigs (grey rami) to neighbouring structures 
such as-the thyroid artery. He was unable to identify any similar ganglion in 
the rabbit. Our experiments show that a ganglion does exist in this position 
in the rabbit and is regularly present. The postganglionic fibres from this 
ganglion, however, do not appear to leave the sympathetic trunk as do those 
from the ganglion described by Langley. This fact, coupled with the absence of 
any readily visible swelling in the region, would account for his not finding the 
structure. It seems to us that the small ganglion in the rabbit may be con- 
sidered as the homologue of that described by Langley and it is for this reason 
we have referred to it as the accessory cervical ganglion. Fig. 7 summarizes 
the connexions of and the pathways through this accessory ganglion deter- 
mined electrophysiologically. The large degree to which this ganglion is inner- 
vated by collaterals from preganglionics to another ganglion farther along the 
sympathetic chain is in accord with the work on the lumbar sympathetic by 
Langley (1899). Heconcluded that each preganglionic pilomotor fibre supplied, 
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on the average, cells in three different ganglia along the chain. Collateral 
preganglionic innervation has also been described in the inferior mesenteric 
ganglion by Lloyd (1937). 

Contrary to the view held by Billingsley & Ranson (1918) and earlier workers, 
it is now well known that the cervical sympathetic trunk in the cat, dog, rat 
and rabbit contains a considerable number of non-medullated fibres (Foley & 
Dubois, 1940; Foley, 1943, 1945; Butson, 1950). Many of these fibres do not 
degenerate after ventral rhizotomy and dorsal ganglionectomy (Foley & 
Dubois, 1940) and these have been identified with postganglionic fibres from 
scattered ganglion cells in the cervical trunk. The regions to which these fibres 
are distributed have not been well-defined but the consensus of opinion is that, 
in the cat anyway, these postganglionic fibres run caudally in the trunk and that 
few, if any, run cranially. These postganglionic fibres have been variously 


Fig. 7. A schematic representation of the fibre connexions of the rabbit’s and su 
accessory perior 


cervical ganglia. The thick lines represent medullated, B type, fibres and the thin lines 
represent non-medullated, C type, fibres. 


described as preganglionic (e.g. Billingsley & Ranson, 1918) or even afferent 
fibres. The present experiments do present a clear, but somewhat different, 
picture of the fibre population of the rabbit’s cervical sympathetic trunk and 
show quite unequivocally that non-medullated, postganglionic fibres arise in 
an accessory ganglion of the sympathetic trunk in the neck and run cranially 
to be distributed with the other postganglionic branches from the superior 
cervical ganglion. No signs of caudally directed postganglionics from the 
accessory ganglion were ever seen. 

One of the most interesting speculations on autonomic organization has 
been on the existence of reflex arcs within that. part of the system which lies 
peripheral to the central nervous system. Evidence for such reflexes has been 
accumulating for some years (see McLennan & Pascoe, 1954). In the inferior 
mesenteric ganglion of cats (Job & Lundberg, 1952) and rabbits (Brown & 
Pascoe, 1952; McLennan & Pascoe, 1954), some of the ganglion cells may be 
made to discharge by exciting fibres which seem not to form part of the auto- 
nomic outflow from the central nervous system but to derive from cell bodies 
lying peripherally in the intestines and which are possibly of sensory function. 
Although the cells of the rabbit’s accessory cervical ganglion could be dis- 
charged by ‘centripetal’ impulses, a situation at first suggestive of a peripheral 
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reflex mechanism, our evidence indicates that the exciting impulses responsible 
for discharging the accessory ganglion cells are antidromic impulses in fibres 
which end in the superior cervical ganglion. There is no reason to believe that 
these fibres are other than conventional preganglionic fibres of the sympathetic 
efferent system. We have found no evidence that the cells of the accessory 
cervical ganglion can be excited by slowly conducting afferent fibres such as 
excite the ganglion cells in the inferior mesenteric ganglion (Job & Lundberg, 
1952; McLennan & Pascoe, 1954). Although anatomically there is a large 
distance between them, the accessory cervical ganglion appears to behave 
functionally as a part of the superior cervical ganglion, as was suggested by 
Langley (1894). 

The complexity of the anatomy of the cervical sympathetic has a bearing 
on the interpretation of the action of drugs in this region. For example, the 
finding that some transmission through the superior cervical ganglion is 
peculiarly resistant to substances blocking synaptic transmission may not mean 
that there are some exceptionally resistant synapses there (Ambache, 1952), 
but simply that the transmitted effects are mediated by fibres which traverse 
the superior cervical ganglion in continuity, having formed synapses earlier in 
the accessory cervical ganglion or elsewhere in the cervical sympathetic chain. 


SUMMARY 


1. The organization of the rabbit’s cervical sympathetic has been examined 
by studying action potentials in an isolated preparation. 

2. An accessory cervical ganglion is regularly found about half-way between 
the superior cervical ganglion and the ansa subclavia. 

3. The preganglionic fibres to these cells of the accessory cervical ganglion 
are B type (medullated) fibres and ascend in the cervical sympathetic trunk. 
Some, after giving off collaterals to innervate the accessory cervical ganglion, 
continue ascending to innervate collaterals in the superior cervical ganglion. 

4. The postganglionic fibres from the accessory cervical ganglion, and which 
are of C (non-medullated) type, traverse the superior cervical ganglion to be 
distributed with the postganglionic branches of the superior cervical ganglion. 
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A STUDY OF THE EFFECT OF THE PATTERN OF 
ELECTRICAL STIMULATION OF THE AORTIC NERVE 
ON THE REFLEX DEPRESSOR RESPONSES 


By W. W. DOUGLAS, J. M. RITCHIE anp W. SCHAUMANN* 
From the National Institute for Medical Research, Mill Hill, London, N.W. 7 


(Received 19 April 1956) 


The systemic blood pressure of an animal is controlled by reflexes involving the 
barosensory fibres in the carotid sinus and aortic nerves and their associated 
receptors. The adequate stimulus to the baroreceptors produces in these 
fibres not a discharge of a steady continuous nature, but bursts of impulses 
synchronized with the fluctuations in systemic blood pressure which accom- 
pany the cardiac cycle: and it has been suggested that this grouping of the 
afferent impulses might be of importance for the central mechanisms involved 
in the buffer reflexes (Bronk & Stella, 1932; Ead, Green & Neil, 1952). We have 
therefore studied the effect of interrupted pulsatile electrical stimulation of the 
aortic nerve and compared it with the effect produced by stimulation with a 
continuous train of shocks. 
METHODS 

‘The experiments were done on adult lop-eared rabbits anaesthetized by urethane 1-6-1-8 g/kg 
given as a 25% solution into the marginal ear vein. __ 

The vagi, aortic nerves and sympathetic trunks were cut low in the neck. One aortic nerve was 
dissected free of the surrounding tissue and placed on a pair of Ag—AgCl electrodes for stimulation. 
In some experiments the action potentials set up in the nerve were recorded monophasically 
through a pair of platinum electrodes placed near the cut end, amplified in a directly coupled 
amplifier and displayed on a cathode-ray tube. The dissected region was flooded with liquid 
paraffin held in a pool by arrangement of the skin flaps. Records of systemic blood pressure were 
taken from a femoral artery and registered with a mercury manometer on a kymograph. Both 
common carotid arteries were ligated so as functionally to denervate the carotid sinuses. 

The interrupted, pulsatile, electrical stimulation was achieved in the following way. A master 
oscillator produced a train of triggering pips at a given frequency (Fig. la). A voltage pulse of 
variable width (Fig. 16) operated an electronic gate allowing only the pips shown in Fig. lc to 
pass. These pips were further gated by a rectangular wave form (Fig. 1d) of variable width and 
repetition rate. The surviving pips (Fig. 1 ¢) triggered a conventional electronic stimulator with an 
RF output unit (Schmitt, 1948) attached to it. In this way a pulsatile stimulus pattern similar to 
that shown in Fig. 1 e was produced. The total period of stimulation, the duration of the bursts and 
the interval between them, and the frequency of the shocks within the burst were all independently 
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variable. The number of shocks delivered to the nerve during any given period of stimulation was 
counted by means of a dekatron scaler unit. The width of each shock was usually 100ysec. The 
intensity of the stimulus used was such as to give maximal stimulation of the medullated fibres in 
the nerve but was too weak to excite the non-medullated depressor fibres of unknown origin which 
are also present in this nerve and have been recently described by Douglas, Ritchie & Schaumann 
(1956). 


Fig. 1. The method of producing an interrupted train of stimulating shocks. 
For explanation see text. 


RESULTS 
Prolonged periods of continuous trains and interrupted trains of stimuli 

In these experiments the aortic nerve was stimulated until the blood pressure 
ceased to fall and stimulation then continued for a further 2-3 min, the 
pressure being thus kept at the lowered level. During this period the pattern of 
stimulation was changed so that the effect of a continuous train of impulses at 
a steady frequency could be compared with that of an interrupted or pulsatile 
train of impulses. It was arranged that the total number of shocks delivered 
during a given period of interrupted stimulation was the same as that delivered 
during an equal period of continuous stimulation. The method used to do this 
is illustrated diagrammatically in Fig. 2. In this example, the frequency of 
application of shocks during the continuous type of stimulation was 16/sec 
(Fig. 2a). During the interrupted stimulation, the stimulator frequency was 
raised to 32/sec or to 64/sec but, as shown in Fig. 26, c, the shocks were applied 
to the nerve only during one-half or one-quarter of the time respectively. In 
this way the total number of shocks applied during any given stimulation 
period was kept constant for the three types of stimulation and the average 
frequency of stimulation kept at 16 shocks/sec. Experiments of this sort were 
done with average frequencies of 8, 16, 32 and 64 shocks/sec. 

The number of bursts delivered per minute during the interrupted stimula- 
tion was varied in order to mimic various heart rates. The bursts were given 
240 times/min to mimic a normal heart rate, 360 times/min to mimic a fast 
heart rate and 60 or 120 times/min to mimic a slow heart rate. At all these 
rates essentially similar results were obtained. 

At 8 shocks/sec there was no appreciable effect on blood pressure whether 
the stimulus was continuous or interrupted. At low and moderate average 
frequencies of stimulation (i.e. 16-32 shocks/sec) continuous and interrupted 
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stimulation were usually equally effective whether the duration of each burst 
in the interrupted stimulus was equal to a half or a quarter of the interval 
between successive bursts. Typical results are showr in Figs. 3 and 4, These 
figures also illustrate that the results obtained were similar whether the 
frequency of stimulation was such as to produce strong responses (Fig. 3) or 
weak responses (Fig. 4). At 64 shocks/sec the effects of continuous and inter- 
rupted stimulation were again the same when the duration of each burst was 


1 sec 

Fig. 2. An example of three different types of stimulation with the same average frequency, and 
the explanation of the cipher used to describe them briefly. In the three traces a, b and c, the 
total number of impulses delivered in a second is 16. In a they are evenly spaced and this 
type of stimulation is described by the cipher 16:1. In 6 and c the same number of stimuli 
(i.e. 16 in a sec) are crowded together in bursts (240 bursts/min), each of which lasts for a half 
and a quarter respectively of the interval between bursts and the instantaneous frequencies 
during the burst are 32 and 64 shocks/sec respectively. The types of stimulation illustrated 
in 6 and ¢ are described symbolically as 32:4 and 64:} respectively, i.e. the left-hand number 
in the cipher gives the stimulator frequency and the right-hand fraction gives the duration of 
the burst. 


equal to half the interval between successive bursts (middle trace, Fig. 3) but 
not when the burst lasted only a quarter of this interval (i.e. when the frequency 
of shocks within each burst was high, 256-288 shocks/sec), the effect of the 
interrupted stimulus being markedly smaller (Fig. 5). In some experiments, 
however, particularly those in which low frequencies of stimulation were used, 
interrupted stimulation was more effective than continuous stimulation. This 


effect was never very marked and the biggest differences of this kind which we 


observed are illustrated in Fig. 6. 


Short periods of continuous and interrupted stimulation 

Experiments were done to compare the effects of continuous and interrupted 
trains of stimuli using periods of stimulation of 4 sec. The 4 sec period was 
sufficiently long for substantial depressor effects to be produced and yet short 
enough to allow a large number of observations to be made in a comparatively 
short time. During each period the pattern of stimulation was kept fixed: 
after successive periods the frequency of the shocks during the bursts and the 
duration of the burst were changed but in such a way as to keep constant the 
total number of shocks in the 4 sec period, i.e. the pattern of stimulation was 
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Fig. 3. The depressor response 00 StlmmuIatIOn Of tne Central end Of aN aortic nerve of a rabbit under 


Fig. 


urethane anaesthesia. In each record, during the periods marked by the solid horizontal 
bars the shocks were delivered in a continuous train. During the periods marked by the 
broken horizontal bars, the same number of shocks was delivered in a given time but in groups 
240 times/min (the average frequency of stimulation for each record is thus kept constant). The 
cipher below each bar represents the stimulator frequency and the duration of the burst. 


4. The depressor response Of Central end OF an aortic nerve of a rabbit 
under sthesia. In each record, during the periods marked by the solid horizontal 
bars the shocks were delivered in a continuous train. During the periods marked by the broken 
horizontal bars, the same number of shocks was delivered in a given time but in groups 
240 times/min, top and bottom record, and 360 times/min, middie record. (The average 
frequency of stimulation for each record is thus kept constant.) The cipher below each bar 
represents the stimulator frequency and the duration of the burst. 
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changed but the average frequency of stimulation was kept constant. Thus in a 
typical experiment depressor responses were obtained using stimuli applied at 
rates of 64 and 128 shocks/sec delivered in bursts lasting for } and } respectively 
of the interval between bursts. The average frequency in each of these two 
tests was thus 32 shocks/sec. For comparison a third response was obtained 
using a steady frequency of 32 shocks/sec. 


Fig. 5. The depressor response to Stimulation Of the central end of an aortic nerve of a rabbit under 
urethane anaesthesia. During the periods marked by the solid horizontal bars the shocks were 
delivered in a continuous train. During the periods marked by the broken horizontal bars, the 
same number of shocks was delivered in a given time but in groups 240 times/min:(the average 
frequency of stimulation is thus kept constant). The cipher below each bar represents the 
stimulator frequency and the duration of the burst. 


Fig. 6. The depressor response to stimulation of the central end of an aortic nerve of a rabbit under 
urethane anaesthesia. In each record, during the periods marked by the solid horizontal bars. 
the shocks were delivered in a continuous train. During the periods marked by the broken 
horizontal bars, the same number of shocks was delivered in a given time but in groups 24) 
times/min (the average frequency of stimulation for each record is thus kept constant). The 
cipher below each bar represents the stimulator frequency and the duration of the burst. 
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In the first group of experiments the bursts during the interrupted type of 
stimulation were delivered at a rate of 240 bursts/min, and such experiments 
were made using average frequencies of 16, 32 and 64 shocks/sec. The results 
obtained were similar to those which have been described above for prolonged 
stimulation. The response to interrupted stimulation was the same as that to 
continuous stimulation when the average frequency was 32 shocks/sec and the 
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Fig. 7. The depressor response to 4 sec periods of stimulation of the central end of an aortic nerve 
of a rabbit under urethane anaesthesia. In each of the three records there are three depressor 
responses; the two outermost responses were obtained with stimulation at a steady frequency 
and the central response was obtained with the same average frequency but with the shocks 
delivered in bursts each of which lasted for a quarter of the interval between the bursts. In 
record a the average frequency of stimulation was 32 shocks/sec and the bursts were applied 
at a rate of 240/min. In record } the average frequency of stimulation was 64 shocks/sec and 
the bursts were applied at a rate of 240/min. In record c the average frequency of stimulation 
was 32 shocks/sec and the bursts were applied at a rate of 60/min. The horizontal line repre- 
sents 1 min. 


frequency of stimuli within each burst was 64 or 128/sec, and was also the same 
when the average frequency was 64 shocks/sec and the frequency of stimuli 
within each burst was 128 shocks/sec (Fig. 7a). The response to interrupted 
stimulation was, however, less when the average frequency was 64 shocks/sec 
but the instantaneous frequency of the shocks within each burst was high, 
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256 shocks/sec (Fig. 76). When the average frequency was 16 shocks/sec very 
small depressor responses were obtained. In such tests interrupted stimula- 
tion produced similar or greater effects. 

In the second group of experiments the bursts of stimuli were applied more 
frequently (860/min) or less frequently (60/min). When the bursts were 
delivered at a rate of 360/min the results obtained were like those which have 
been described for a rate of 240/min, but when the bursts were delivered at a 
rate of 60/min the interrupted stimulation was usually less effective than con- 
tinuous stimulation (Fig. 7c). A typical experiment is illustrated by Fig. 8. 


128.64 32. 16 
im 100 
| 7 
L 
Duration of bursts (sec) T min 
Fig. 8 Fig. 9 


Fig. 8. The relationship between the depressor response and the burst duration. The ordinates 
are the peaks of the depressor responses produced by 4 sec periods of stimulation of a rabbit's 
aortic nerve with a continuous train of shocks and with trains where the same numbers of 
shocks were delivered in bursts of different durations: the abscissae are the burst durations. 
The bursts occurred 60 times/min, The average frequency was 32 shocks/sec. 


Fig. 9. Depressor responses to stimulation of the central end of an aortic nerve of a rabbit under 
urethane anaesthesia. The responses are those to a 4 sec period of stimulation followed by a 
prolonged period of stimulation. The frequency of stimulation is indicated by the number 
above each record. 


The average frequency stimulation was 32/sec and depressor responses were 
obtained using stimuli applied at rates of 64, 128 and 256 shocks/sec delivered 
every second in bursts lasting for }, and 4 sec: a fourth response was obtained 
to a steady frequency of stimulation of 32 shocks/sec. These responses have been 
plotted against the duration of the bursts (Fig. 8), and it is clear that the magni- 
tude of the response (when the bursts were applied 60 times a minute) was not 
wholly independent of the pattern of stimulation and that the reflex response 
became greater the more evenly the shocks were spread over the stimulation 
period. Similar results were obtained when the average frequency of stimula- 
tion was 64 shocks/sec but with a low average frequency of 16 shocks/sec the 
response was usually independent of the stimulus pattern. 
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Frequency response curves with long and short periods of stimulation 

The finding that in experiments using bursts of stimuli at a rate of 60/min 
the pattern of stimulation did not influence the response to a long period of 
stimulation in the same way as it did that to a 4 sec period of stimulation led 
us to examine whether or not differences were to be found in the frequency 
response curves determined using the two stimulation periods. The procedure 
adopted was to stimulate the aortic nerve for a period of 4 sec, wait until the 
depressor response was waning, and then stimulate until a maintained response 
occurred (Fig. 9). This procedure was repeated at different frequencies of 


j i L 04 
8 16 32 64 128 256 512 8 16 32 64 128 256 512 
Frequency of stimulation (shocks/sec) Frequency of stimulation (shocks/sec) 


Fig. 10 Fig. 11 
Fig. 10. The relationship between the depressor response and frequency of stimulation of the 
ceutral end of an aortic nerve of a rabbit under urethane anaesthesia. Open circles: with long 
periods of stimulation. Closed circles: with 4 sec periods of stimulation. 
Fig. 11. Same experim ent as in Fig. 10. Each point is the ratio of the response obtained with the 
4 sec period of stimulation to that obtained with prolonged stimulation. 


Fall in blood pressure (% of resting blood pressure) 
T 


stimulation and the sizes of the falls occurring with long and short periods of 
stimulation were plotted against frequency (Fig. 10). The general shape of both 
frequency/response curves was the same: both showed a maximal response at 
128 shocks/sec, and fell off rapidly with frequency to be about 20% of this 
value at 16 shocks/sec. At all but the lowest frequency used the ratio of the 
two responses remained almost constant tending to rise slightly with frequency 
(Fig. 11). 

In another experiment the influence of the duration of the stimulus upon the 
curve relating the frequency of stimulation to the reflex depressor response was 
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determined using periods of stimulation lasting for 1, 2, 4, 8 and 16 sec. The 
maximum response for any particular period of stimulation occurred when 
a frequency of 128 shocks/sec was used. In Table 1 the responses obtained 
when frequencies of 32 and 64 shocks/sec were used are expressed as a per- 
centage of the corresponding maximal responses obtained using 128 shocks/sec. 
For both frequencies this percentage was scarcely affected by the duration of 
stimulation. 

These experiments thus show that much the same frequency/response 
curve is obtained whether the stimulus be applied for long periods so that 
maintained responses are obtained, or for short periods (1-16 sec) when only 
transient, smaller responses are obtained. 


TaB.e |. Effect of electrical stimulation of the aortic nerve on arterial blood pressure 


Response as percentage of 
. Period of response at 128 shocks/sec 
stimulation A 
(sec) 32 shocks/sec 64 shocks/sec 

i 32 83 

2 50 88 

53 90 

8 50 86 

16 52 93 

DISCUSSION 


Bronk & Stella (1932), after providing an elegant demonstration of pulsatile 
and non-pulsatile discharges in single barosensory fibres in the carotid sinus 
nerve in different conditions, raised the question whether or not the grouping 
of the afferent impulses into discrete volleys, which is the normal pattern of 
afferent activity in this nerve, may be an important factor in regulating the 
activity of the centres upon which they impinge. Evidence does exist, from 
experiments in which the reflex effects of pulsatile and non-pulsatile pressure 
changes in the carotid sinus have been compared, that a pulsatile pressure of 
the same mean value as a steady pressure is the more effective in eliciting the 
typical responses to barosensory excitation. For example, McCrea & Wiggers 
(1933) came to the conclusion that variations in pulse pressure rather than 
changes in mean pressure dominated the production of reflex cardiac changes 
produced by the baroreceptors of the carotid sinus, and Strauss (1940) has shown 
that the reflex hypotension induced by increased pressure in the carotid sinus was 
better maintained by pulsatile pressure and that the ‘blutdruckcharakteristik ’ 
obtained with pulsatile pressure differed from that obtained with steady 
pressure, in that a pulsatile pressure produced a greater reflex hypotension 
than did a steady pressure of the same mean value. 

Recently, Ead et al. (1952) found that when a steady flow through the in- 
nervated sinus region was converted to a pulsatile flow, the blood pressure fel! 
and remained at its lower level. They also recorded the electrical activity in 


j 
80 
| st 
q 
ti 
m 
efi 
re 
si 
: in 
to 
| on 
th 
at 
ex 
we 
ca 
m«¢ 
de 
at 
th 
in 
to 
ch 
im 
Col 
fib 
(Ig 
ste 
| of 
the 
4 ba | 
are 


STIMULUS PATTERN AND DEPRESSOR REFLEXES 241 


some of the sinus nerve barosensory fibres and observed that changing from a 
steady to a pulsatile flow in the sinus caused a grouping of the previously 
continuous discharge in the fibres into bursts of impulses at a higher fre- 
quency, but that the total number of impulses occurring in a given time some- 
times remained unchanged. They concluded that the grouped impulses were 
more capable of affecting the vasomotor centre than a steady discharge of an 
equal number of impulses at a lower frequency; and that the greater depressor 
effect caused by the pulsatile flow was the result of this grouping and was a 
reflex response to an alteration in the pattern of the impulse activity in the 


_ sinus barosensory fibres. Our technique has allowed us to test more directly the 


influence of the pattern of the buffer nerve discharge on the response of the 
vasomotor mechanisms, and the results obtained—that we have been unable 
to produce changes anything like as large as those illustrated by Ead et al. 
(1952), who found that a change from non-pulsatile to pulsatile perfusion of 
one sinus could cause a fall of 50 mm Hg—lead us to question their conclusion 
that the grouping of impulses plays an important part in the greater effective- 
ness of the pulsatile pressure stimulus. The smallness of our effect cannot be 
attributed to the intervention of any known buffering systems; for in our 
experiments the vagi and aortic nerves were cut and the carotid sinus regions 
were presumably functionally denervated by the ligation of both common 
carotid arteries. Our results in fact show that within wide limits the vaso- 
motor response to electrical stimulation of all the fibres of the aortic nerve 
depends mainly on the number of shocks applied in a given time and hardly 
at all on the pattern in which they are applied. Ead et al. (1952) were led to 
their conclusion largely by the finding that their records of electrical activity 
in a few fibres (usually the larger fibres) showed no great change in the 
total number of impulses discharged during pulsatile and non-pulsatile pressure 
changes in the sinus; and from the extrapolation that the total number of 
impulses from all the fibres to the vasomotor centre was similar in the two 
conditions, This argument takes no account of the role played by additional 
fibres which are recruited when a steady pressure in the sinus is converted to a 
pulsatile one and which seems to us to be the more likely explanation of the 
greater efficacy of pulsatile stimulation. The records obtained by Ead et al. 
(1952) at low perfusion pressures do in fact show that a large fibre quiescent at 
steady pressure becomes active when the pressure is made pulsatile as is to be 
expected, not only because of the higher instantaneous pressures reached dur- 
ing pulsation, but also because, as shown by Bronk & Stella (1932), the efficacy 
of the stimulus is determined by the rate of change of pressure as well as by 
the mean pressure attained. The possibility of such recruitment certainly 
exists even at fairly high imtra-sinusal pressures because there are some 
barosensory fibres which are not activated until pressures of up to 150 mm Hg 
are reached (Landgren, 1952). 
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SUMMARY 


1. A comparison has been made of the depressor effects of stimulation of the 
rabbit’s aortic nerve with continuous and interrupted trains of electrical shocks, 
in order to find out whether or not the grouping of impulses or pattern of 
stimulation influences the response. 

2. When stimulation is prolonged sufficiently to cause a maintained depres- 
sor response this response is usually independent of the pattern of stimulation. 
Only at low rates of stimulation is the interrupted type of stimulus slightly 
more effective. 

8. These results suggest that any greater depressor effect of pulsatile pres- 
sure changes in the great vessels over a steady pressure, is not attributable to 
the different pattern of impulses set up by the pulsations. It is suggested that 
the most important factor involved is the recruitment of fibres. 

4. When stimulation lasts for only 4 sec and causes only a transient depres- 
sor response, interrupted stimulation may be more, equally or less effective 
than a non-pulsatile stimulus, depending on the rate at which bursts are 
delivered and on the average frequency of stimulation. 

5.. The relationship between the depressor responses and the frequency of 
stimulation remains substantially the same whether determined with brief 
periods of stimulation (2-16 sec) producing transient responses or with long- 
lasting stimulation producing maintained responses. 
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THE EFFECT OF ACETYLCHOLINE ON TOUCH RECEPTORS 
IN FROG’S SKIN 


By A. 8. JARRETT 
From the Department of Physiology, University College London 


(Received 10 April 1956) 


A wide variety of sensory receptors appears to be sensitized by the direct 
action of acetylcholine. In many respects their pharmacological properties 
appear similar to those of autonomic ganglia, in that the action of ACh is 
paralleled by nicotinic substances, and inhibited by those of the ganglion- 
blocking type. There is strong evidence, however, that ACh is not directly 
concerned in the initiation, by the natural stimulus, of impulses at sensory 
endings, since ganglion-blocking drugs inhibit the ACh response without inter- 
fering with the response to the natural stimulus (Douglas, 1952; Douglas & 
Gray, 1953; Diamond, 1955). This poses two problems: (1) the possible 
physiological significance of the ACh sensitivity of sensory endings; (2) the 
mode of action of ACh. No definite answer has been given to the first of these; 
the second remains controversial since the various experimental techniques 
applied to different preparations have given results which are apparently 
inconsistent with one another. 

The experiments described in this paper show that ACh sensitizes touch 
receptors in frog’s skin, and support the view that ACh is not normally con- 
cerned in the initiation of impulses. Its mode of action has been analysed by 
quantitative measurements made on isolated touch receptors functioning in the 
presence of ACh. 


METHODS 


English frogs were used throughout. Preparations for whole-nerve recording were made from the 
skin over the dorsal lymph-sac, together with its cutaneous nerves. The skin was mounted, inner 
side uppermost, on a platinum-covered (earthed) cork base, and the whole preparation was 
immersed in liquid paraffin. Action potentials were recorded from the cutaneous nerves through 
a pair of platinum electrodes. 

For single-fibre recording, preparations were made from the skin over the gastrocnemius muscle. 
This was isolated, together with its nerve supply, and about 0-5 cm of single axon was dissected 
free at the junction of the cutaneous branch with the tibial nerve. The largest axons (9-12 u) were 
selected as most probably subserving touch. The preparation was mounted on an air-gap insulator, 
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the insulator was based on that of Tasaki (1953) and the construction was of Perspex, rigidly 
mounted on a heavy iron base which also supported the crystal stimulator used in most experi- 
ments (Fig. 1). 

The skin was stimulated by a fine glass stylus attached to one corner of a Rochelle salt crystal 
mounted as described by Gray & Malcolm (1950), Both square and linearly increasing voltage 
pulses could be applied to the crystal, causing corresponding movements of the stylus. Oscillation 
of the crystal was damped by a drop of oil on the free corner; the appropriate viscosity was dis- 
covered by trial while observing the voltage output of a second crystal, similarly damped, driven 
by the first crystal. Under optimal conditions, a ‘square-pulse’ from the crystal had a rising time 
of 0-15-0-25 msec. 


Recording leads 


oximal pool 


Electrodes for antidromic stimulation 


Fig. 1. A diagram showing the arrangement of the preparation and 
stimulator on the bridge-insulator. 


The recording electrodes were silver/silver-chloride and led to a cathode-follower through low- 
leads with cathode-coupled screening. Grid current was less than 10~'* A. The output 
of the cathode-follower fed an oscilloscope through appropriate amplifiers. 

Before mounting the preparation, the skin was lightly scraped on the inside to remove excess 
mucus-like material, and soaked for 15-20 min in a large volume of Ringer’s solution. Without 
this treatment ACh effects were erratic if present at all. The quantity of Ringer's solution added 
to the distal pool was known, since drugs were added in small quantities in concentrated form to 
the solution already present. The solution could not be removed without risk of some minor 
movement between skin and stylus, resulting in an apparent shift in threshold. 

The Ringer's solution used contained: NaCl, 0-675%; KCl 0-015%; CaCl,, 002%. ACh con- 
centrations are given in terms of the iodide (mol. wt. 273-1) which was freshly dissolved for each 
experiment. 

RESULTS 
Initiation of impulses 


The sicieenaiials on the initiation of impulses by ACh were made on the skin 
from over the dorsal lymph sac of the frog, with the intact cutaneous nerves 
attached. The application of 10-* g/ml. ACh was invariably followed by the 
appearance of a volley of impulses in the corresponding cutaneous nerve, 
followed not only by insensitivity to further applications of ACh but also by 
insensitivity to mechanical stimulation. Fig. 2 shows records of this pheno- 
menon, A just supra-liminal mechanical stimulus was applied to the skin, and 
the resulting action potential was recorded. The stimulator was then switched 
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off, without interfering in any way with the skin or the position of the stylus. 
When the recording paper had been set moving at 1 in./sec, the skin round 
the tip of the stylus was flooded with 10~* g/ml. ACh, producing the volley 
of impulses shown. Fig. 2 also shows that the preparation was rendered 
mechanically inexcitable after this treatment, but that this block was re- 
versible, disappearing after 15-20 min washing with normal Ringer’s solution. 
It may be objected that the washing had altered the relative positions of the 
skin and stylus, and a new tactile ending, previously unaffected by the ACh, 
was now being stimulated. The single axon preparation was therefore used to 
discover whether the block of normal function produced by excess ACh was 
genuinely reversible. In this method thefe is no paraffin to interfere with free 


Fig. 2. Records from whole cutaneous nerve. (a)-(c) Upper trace, nerve recording; lower trace, 
electrical pulse to crystal; time-marks 1 msec. (a) Normal response in Ringer’s solution; 
(b) mechanical insensitivity after 10-* g/ml. ACh; (c) normal mechanical sensitivity after 
washing in Ringer’s solution. (d)-(e) Upper trace, nerve recording; lower trace, time-marks 
0-2 sec. (d) Control; (e) 5 sec after addition of 10~* g/ml. ACh. 


diffusion, and the 5-10 endings subserved by one axon (Marahashi, Mizuguchi 
& Tasaki, 1952) are certainly subjected to the same conditions. After this 
preparation had been rendered mechanically inexcitable by 10~ g/ml. ACh, 
prolonged washing with Ringer’s solution reversed the effect. The disadvantage 
of this preparation was that washing inevitably altered the relative positions 
of skin and stylus so that an apparent change in threshold was always 
observed. Nevertheless, the reversibility of the effect has been qualitatively, 
if not quantitatively, established. 

Nicotine was found to have precisely the same actions as ACh; a concentra- 
tion of 10~g/ml. excited a volley of impulses and then rendered the skin 
unresponsive to any further stimulation, chemical or mechanical. Tubo- 
curarine in a concentration of 10~* g/ml. did not affect the response of the skin 
to its natural mechanical stimulus, but prevented the response to applied 
ACh. The presence of 10-5 g/ml. atropine did not change any of the effects so 
far described, and had no demonstrable action of its own. 
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Threshold 


The single-fibre preparation was always used when measurements of threshold 
were required. When a satisfactory preparation had been dissected out and 
set up on the bridge insulator, the approximate position of its receptive field 
was found by moving a light glass rod over the skin until action potentials 
were recorded. The stylus attached to the piezo-electric crystal could then be 
mounted over this point. 

The threshold of the ending was found by determining the magnitude of 
the least mechanical square pulse of length 0-4 msec which would produce an 
action potential in the single axon; this magnitude was determined by reading 
the calibrated step-by-step potentiometer controlling the amplitude of the 
electrical pulse driving the piezo-electric crystal. After careful exclusion of 
all possible extraneous sources of mechanical interference or instability, the 
spontaneous variation in the threshold of the receptor was less than the dis- 
crimination of the measuring apparatus. In each preparation the threshold in 


TaBxE 1. Effect of ACh on threshold of frog’s skin 


Threshold stimulus Percentage 
Preparation No. of in 10-* g/ml. ACh reduction 


no. determinations (% of control) in threshold 

l 6 92 8 

2 6 89 ll 

3 6 91 i) 

4 12 88 12 

5 12 92 8 

6 12 88 12 
Mean reduction in threshold 10 
Standard deviation 1-9 


Ringer’s solution was determined either six or twelve times, according to what 
other measurements were to be made. When this number of control threshold 
determinations had been made, one drop of 10-* g/ml. ACh solution was 
added to the distal pool, thus bathing the skin in 10-* g/ml. ACh. After 
allowing 5-10 min for diffusion, the threshold was redetermined. 

A comparison between the control threshold and that in the presence of 
ACh was prevented in many experiments by extraneous mechanical inter- 
ference. In the six preparations listed in Table 1, however, complete deter- 
minations of the thresholds in Ringer’s solution and in 10~* g/ml. ACh were 
made. This represents, in all, 108 observations of threshold, 54 in both Ringer’s 
solution and in ACh. In every instance the threshold in the presence of ACh 
was reduced below that of the control. The reduction ranged from 8-12% 
with a mean of 10% (s.p. 1-9). 


Gray & Malcolm (1951) showed that in the touch receptor of frog’s skin the 
latency between the application of the stimulus and the appearance of an 
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action potential varied inversely as the size of the stimulus. It was of interest 
in the present investigations to determine whether or not this relationship 
was affected in any way by the presence of ACh. 

A two-channel oscilloscope was used in these latency experiments, one 
channel recording the electrical pulse to the piezo-electric crystal, the other 
the electrical response of the single axon. The latency could thus be deter- 
mined by direct measurement from a photograph. 


Latency (msec) 
T 


0-5 1-0 15 20 25 
Stimulus strength 


Fig. 3. Latency curves for the receptor in Ringer’s solution (©) and in 10~* g/ml. ACh (+). 


Ordinate: latency, msec. Abscissa: stimulus strength in multiples of the threshold. The 
dotted line indicates the position of the latency curve in ACh when stimulus strength is 
plotted in terms of the control (Ringer’s) threshold. 


The control threshold was determined in the usual way, and then the size 
of the mechanical pulse was increased until the limit of the stimulator had 
been reached (i.e. approximately 4 x threshold). At each step of the potentio- 
meter a photographic record was made, relating latency to that particular 
stimulus strength. When the complete relationship had been determined in 
Ringer’s solution, ACh was added, making the distal pool concentration 
10~* g/ml., and the whole procedure was repeated. 

To compare the curves of latency against stimulus strength for the receptor 
in Ringer’s solution and in 10-* g/ml. ACh, the change in threshold had to be 


allowed for. When this was done by plotting each curve in terms of its own 


threshold, the curves were identical. Three such curves were obtained from 
three preparations, of which Fig. 3 is typical. When all stimulus strengths 
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fall along one curve. The interrupted line in Fig. 3 represents the position of 
the latency curve in ACh if plotted in absolute units. The shift between this 
and the control curve is purely horizontal, representing the threshold change ; 
there is no shift along the time axis. Hence, ACh does not affect the time- 
course of the processes underlying the initiation of an impulse. 


Rate of recovery 

After the initiation of an impulse, the threshold of a touch ending is for a 
brief period infinitely high (absolute refractory period) and then returns to 
normal, The time-course of this process constitutes a recovery curve. Experi- 
ments were done to discover whether it was altered by the presence of ACh. 

Conditioning action potentials were initiated in the ending by stimuli of 
constant strength, and the threshold of the ending was determined after 
various intervals. The size of the test pulses was known from the calibration 
of the controlling potentiometer; the time intervals between the two action 
potentials were recorded photographically from the oscilloscope. This interval 
between the first (conditioning) action potential and the second (test) action 
potential was measured from the trace as the time interval BD (Fig. 4) and 
this value plotted against the threshold of the second action potential. 


' 

D | 

Fig. 4. Diagrammatic representation of the oscilloscope traces in determining rates of recovery. 
A, conditioning pulse artifact; AB, latency of supra-liminal conditioning action potential; 
C, test-pulse artifact; CD, threshold latency of test action potential. 


When a complete recovery curve for an ending had been obtained in Ringer’s 
solution, the whole procedure was repeated in the presence of 10~* g/ml. ACh. 
For the two recovery curves to be comparable, allowance had to be made for 
the shift in threshold, as in the case of the latency curves, by expressing each 
in terms of its own threshold. 

When this was done, the curves were found to be identical. Three such 
experiments were completed, of which the results shown in Fig. 5 are typical. 
If the ACh recovery curve is expressed in absolute units, as in the interrupted 
line in Fig. 5, there is a vertical shift corresponding to the change in threshold, 
but no shift along the time axis. Hence, the recovery of excitability after the 
initiation of an impulse is unaffected by ACh. 
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Stimulus strength 


15 


10 


0-5 L L i J 
1 2 3 4 5 
Action potential difference (msec) 
Fig. 5. Recovery curves for the receptor in Ringer’s solution (©) and in 10-* g/ml. ACh ( +). 
Ordinate: stimulus strength in multiples of the threshold for that particular run. Abscissa: 


interval between action potentials, msec. The interrupted line indicates the position of the 
recovery curve in 10-* g/ml. ACh when plotted in terms of the control (Ringer’s) threshold. 


Adaptation 

In all the experiments described so far, ‘square pulses’ (see Methods) were 
used, and the minimum deformation of this type necessary to initiate an 
impulse has been termed the ‘threshold of the ending’. If linearly-increasing 
pressures are applied to the ending, however, it is found that it withstands 
greater degrees of deformation before generating an action potential. There is 
a gradient below which no response can be evoked, regardless of the extent of 
the final deformation. This gradient is termed the ‘critical slope’, and is taken 
as a measure of the ending’s ability to adapt to slowly rising pulses. 

Experiments were carried out to see whether the critical slope was affected 
by ACh. A preparation was set up and its threshold to a square pulse of 
1 msec duration determined six times as described above. To determine the 
critical slope, a triangular pulse with a rising time of about 60 msec was used ; 
its amplitude was then gradually increased until an action potential appeared 
in the single axon (Fig. 6). Both this action potential and the shape of the 
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applied pulse were recorded oscillographically. The critical slope was deter- 
mined six times, and the constancy of the square-pulse threshold was checked 
by a further six determinations. The determinations of the critical slope were 
expressed in terms of rheobases/sec (the rheobase being taken as approximately 
equal to the threshold to the square pulse of 1 msec duration (Gray & Malcolm, 
1951)), and a mean critical slope was calculated. 


Channel 2 '@] B 


Fig. 6. The determination of the critical slope. The amplitude BA is increased until an action 
potential is recorded in channel 1. AB/OB is the critical slope, and is expressed in rheobases/ 
sec. 


Tasix 2. Effect of ACh on the reaction of skin to slowly-rising stimuli 


slope slope in 10-* ACh 
No. of Ringer’s solution § (rheobases/ Difference 8.8. of 
preparation (rheobases/sec) sec) (rheobases/sec) difference 
47 62 15 0-9 
5 60 72 12 1-3 
6 52 67 15 0-8 


This whole procedure was then repeated in the presence of 10~* g/ml. ACh, 
and a corresponding mean critical slope calculated, taking as rheobase in this 
case the threshold for the 1 msec square pulse with the preparation in ACh. 
Complete determinations, giving control mean critical slopes and mean critical 
slopes in ACh, were carried out in three preparations, and the results are 
tabulated in Table 2. Table 2 shows that in every preparation the presence of 
10-* g/ml. ACh brought about a highly significant increase in the mean critical 
slope, i.e. the ending adapted more rapidly. 


Atropine 
The best way of assessing any possible effect of atropine on these results 
would have been to add atropine to the distal pool after a complete experi- 
ment, and repeat all estimations on the same preparation. Unfortunately this 
was not possible, for ACh once added to the pool could not be removed without 
some movement between skin and stylus resulting in an apparent shift in 
threshold. The experiments done on preparations nos. 2, 3 and 6, therefore, 
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were carried out in the presence of 10-* g/ml. atropine. This had no effect. of 
its own, and did not affect the action of ACh qualitatively. By comparing 
preparations 2, 3 and 6 with preparations 1, 4 and 5 it is seen that atropine 
had no significant quantitative effect on the actions of ACh. 


DISCUSSION 


The results recorded above differ from those of Habgood (1950), who was 
unable to detect any effect of ACh applied to frog’s skin. The effectiveness of 
applied ACh depends upon the method of preparing the skin; in all my experi- 
ments the skin was lightly scraped to remove excess mucoid material and then 
soaked in Ringer’s solution for 15-20 min. When this was not done the effects 
of ACh were irregular. This scraping can be carried too far; Adrian (1931) has 
shown that the touch responses can be abolished in this manner, but Feng 
(1933) states that excitability returns after soaking in Ringer’s solution. 

There seems to be no doubt that the effects recorded were due to ACh acting 
upon the sensory nerve terminals. It had no effect on the nerve trunk, as was 
shown by placing the ACh in the proximal instead of the distal pool (Fig. 1), 
where it had direct access to the fibres since the nerve-sheath had been removed. 

The only other structure likely to be affected by the ACh is smooth muscle, 
which is found in the skin in association with small vessels and mucus glands 
(Ecker & Wiedershein, 1896). The effects of ACh were in no way affected by 
the presence of 10-* g/ml. of atropine, and it appears unlikely therefore that 
the observed effects could have been secondary to muscarinic effects on 
structures in the skin other than sensory nerve endings (Dale, 1914). 

The effect of ACh on the cutaneous nerve endings is to increase their sensi- 
tivity to the natural stimulus of deformation of the skin. This reduction in 
threshold could be brought about if the specialized cutaneous terminals were 
depolarized by the ACh. In the two mechano-receptors where recording has 
been possible, the muscle spindle (Katz, 1950) and the Pacinian corpuscle 
(Gray & Sato, 1953), it has been shown that mechanical deformation gives rise 
to a local, graded depolarization from which, at a critical voltage, arises the 
propagated, all-or-nothing nerve action-potential. If the terminal portion of 
the frog’s skin touch receptor is specialized in the same way, the actions of 
ACh can be understood by postulating that this specialized portion is also 
susceptible to depolarization by ACh. An alternative, though less likely, 
explanation is that the ACh lowered the critical voltage at which propagation 
takes place. Such evidence as is available, however, favours depolarization 
as being the explanation. The lowered threshold was accompanied by an 
increased rate of adaptation and, as Skoglund (1942) has pointed out, any 
process reducing the membrane potential increases accommodation in nerve. 
Similarly, Tasaki (1950) has shown that catelectrotonus of single nerve fibres 
results in an increased accommodation rate to exponentially increasing currents. 
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If similar processes are involved in the adaptation of the frog skin touch 
receptors, then the increased rate of adaptation which has been observed is 
consistent with the postulated lowered membrane potential. 

The application to the skin of higher concentrations of ACh evokes a dis- 
charge of impulses and, eventually, a condition of block in which the skin is 
insensitive both to ACh and to natural stimuli. Identical effects are produced 
by nicotine, but those of tubocurarine are quite different. This substance 
renders the nerve endings insensitive to chemical stimulation by ACh, but 
leaves their response to deformation of the skin entirely unaltered. These facts 
suggest that the chemical and mechanical stimuli act on the ending indepen- 
dently, ie. ACh does not normally act as a mediator in the initiation of 
an impulse by a mechanical impulse (Diamond, 1955). This confirms the 
original findings of Brown & Gray (1948) on the action of ACh on the mechano- 
receptors in the skin and mesentery of the cat. It must be assumed that the 


MECHANICAL Depotarization prevented by [wrriaTion 
DEFORMATION OF BEDING permanent OF IMPULSE 
depolarization 

prevented by 
tubocurarine 

ACETYLCHOLINE 

OR 
NICOTINE 


Fig. 7. Diagrammatic summary of suggested hypothesis. 


initiation of impulses in sensory endings by ACh is a fortuitous consequence 
of its depolarizing action, and plays no part in the normal functioning of the 
ending. 

It is then possible to formulate a consistent scheme for the effects of ACh 
on sensory receptors (Fig. 7). This scheme is consistent with the reported 
effects of ACh on a wide variety of receptors. Stimulation by ACh, followed 
by blocking of the natural stimulus by higher concentrations, has been reported 
in cold receptors in human skin.(Bing & Skouby, 1950); thermal receptors in 
mammalian tongue (Dodt, Skouby & Zotterman, 1953); and for taste and 
touch receptors in frog’s tongue (Landgren, Liljestrand & Zotterman, 1953). 
In mammalian skin and mesentery mechano-receptors (Brown & Gray, 1948) 
and in carotid sinus baroceptors (Diamond, 1955) it appears impossible to 
block the natural stimulus with an excess of ACh, although excess ACh 
prevents further excitation by the drug itself. It may be that in receptors 
of this type ACh block is non-depolarizing (cf. tubocurarine) rather than 
depolarizing (Thesleff, 1955), and it can be seen from Fig. 7 that this would 
not be expected to block the natural stimulus. 
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Many other explanations of ACh’s action at sensory endings have been 
proposed. They have been based, in the main, on results from preparations 
containing many sensory units, and are not consistent with the findings in 
frog’s skin. (1) It has been suggested that ACh acts by increasing the number 
of active sensory units. This is clearly inapplicable to the present findings, 
based as they are on the responses of an isolated unit. (2) An accelerated rate 
of recovery has been put forward to explain the action of ACh. In my experi- 
ments, however, it has been shown that the rate of recovery after an impulse 
was unaffected by ACh. (3) A diminished accommodation rate has been 
proposed as @ possible mode of action. My experiments show that the reverse 
of this in fact takes place. (4) Skouby (1951) has suggested that the action of 
ACh at sensory endings may be due to ‘improved transmission in the nerve 
trunk’. This implies an increased propagation velocity with consequent in- 
creased rate of arrival of impulses at the central nervous system; this might 
well explain the increase in subjective pain which Skouby measured, but 
cannot account for the objective findings in frog’s skin. On the other hand, 
Skouby’s results can be interpreted equally: well by supposing that ACh 
reduced the threshold of the pain receptors with a consequent increase in the 
rate of firing (Adrian, 1928). (5) Bing & Skouby (1950), who described the 
sensitization of cold receptors in human skin by ACh, rejected the possibility 
that this was due to an excitatory action, since no concentration of ACh would 
initiate a cold sensation in the absence of a natural stimulus. The ACh they 
injected, however, was just as likely to initiate impulses from warmth as from 
cold receptors (Dodt et al. 1953) and, since their measurements were subjective, 
under these conditions it is reasonable to expect no change in thermal sensation. 


SUMMARY 


1. Acetylcholine has been shown to excite impulses in the cutaneous nerves 
of frogs when applied to the skin in a concentration of 10-* g/ml. After the 
discharge of impulses had ceased the skin was found to be insensitive to 
mechanical stimuli. This block was reversible, disappearing after 15 min 
washing in Ringer’s solution. 

2. The presence of 10-* g/ml. acetylcholine reduced the threshold to 
mechanical stimuli by a mean value of 10% (six experiments, range 8-12 % ). 

3. Acetylcholine had no effect on the latency of impulse initiation or on the 
time-course of recovery of excitability after the passage of an impulse. 

4. The critical slope for mechanical excitation (expressed in rheobases/sec) 
was significantly increased by acetylcholine (10-* g/ml.). 

5. Atropine did not affect the results. Tubocurarine prevented the actions 
of acetylcholine, but had no effect on the response to mechanical stimulation. 

6. The site and mode of action of acetylcholine are discussed, and it seems 
probable that acetylcholine depolarizes the sensory receptor. 
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I am indebted to Mr P. Bell and Mr R. Featherstone for help with the apparatus. My thanks are 
due to Professor G. L. Brown for advice and encouragement throughout. To Dr J. A. B. Gray I am 
especially grateful for his guidance, both theoretical and technical, and for his constructive 
discussion of the manuscript. 
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THE EFFECT OF VENOUS PRESSURE ON THE OXYGEN 
CONTENT OF VENOUS BLOOD IN THE DEEP 
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Hoxtn, L. E. and Hoxi, Maser R. ‘The actions of pancreozymin in 


pancreas slices and the role of phospholipids in enzyme secretion’, 
p. 446, text lines 19 and 20 


for It was previously shown using acetylcholine that the phosphate turn- 
over was stimulated in phosphoryl choline, phosphoryl ethanolamine, 
phosphoryl serine and phosphoinositide, . . . 

read It was previously shown using acetylcholine that the phosphate 
turnover was stimulated in phosphatidyl choline, phosphatidyl ethanol- 
amine, phosphatidy] serine and phosphoinositide, . . . 


Subjects for the experiments were healthy adults of both sexes. During experiments they lay at 
rest on a comfortable couch in a room at 23-25° C. Deep forearm veins were catheterized (Mottram, 
1955) and blood samples were obtained from them. The catheter was made of nylon, 0-9 mm in 
e> ternal diameter and with a wall thickness of 0-2 mm approximately. When it was passed along 
the deep branch of the median cubital vein the tip usually reached the plexus of veins formed by 
the junction of the venae comites of the radial, ulnar and interosseous arteries, or lay in one of the 
venae comites. All these veins usually have internal diameters greater than 1 mm (Mottram, 
unpublished observations). In practice it has usually been found possible to withdraw blood 
through a catheter up to 4 ml./min. Attempts to draw blood at greater rates leads to a collapse of 
the vein wall on to the catheter tip and a complete cessation of blood flow up the catheter. The 
negative pressure required to draw blood from a vein under experimental conditions has not been 
measured, but a dummy vein was made using 0-1 mm-thick rubber sheeting. This was filled with 
heparinized blood and two lengths of nylon catheter, similar to those used in the catheterization 
of veins, were sealed into the ‘vein’ so that their tips were 2-3 mm apart. Capacitance mano- 
meters were attached to both catheters and blood was withdrawn from the side arm of a two-way 
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It has been shown (Werner, Moreira & Edholm, 1953; Edholm, Moreira & 
Werner, 1954) that the forearm blood flow declined as venous pressure rose. 
This fall was less than that predicted from the change in arterio-venous 
pressure gradient, so these authors suggested that a rise in venous pressure 
caused an arteriolar dilatation. It was decided to investigate the change in 
venous blood oxygen content during changes of venous pressure. Friedland, 
Hunt & Wilkins (1943) had already shown that the oxygen content of venous 
blood, sampled 10 min after occlusion, was reduced, a finding compatible with 
the occurrence of a fall in the blood flow. 


METHODS 


Subjects for the experiments were healthy adults of both sexes. During experiments they lay at 
rest on a comfortable couch in a room at 23-25° C. Deep forearm veins were catheterized (Mottram, 
1955) and blood samples were obtained from them. The catheter was made of nylon, 0-9 mm in 
external diameter and with a wall thickness of 0-2 mm approximately. When it was passed along 
the deep branch of the median cubital vein the tip usually reached the plexus of veins formed by 
the junction of the venae comites of the radial, ulnar and interosseous arteries, or lay in one of the 
venae comites. All these veins usually have internal diameters greater than 1 mm (Mottram, 
unpublished observations). In practice it has usually been found possible to withdraw blood 
through a catheter up to 4 ml./min. Attempts to draw blood at greater rates leads to a collapse of 
the vein wall on to the catheter tip and a complete cessation of blood flow up the catheter. The 
negative pressure required to draw blood from a vein under experimental conditions has not been 
measured, but a dummy vein was made using 0-1 mm-thick rubber sheeting. This was filled with 
heparinized blood and two lengths of nylon catheter, similar to those used in the catheterization 
of veins, were sealed into the ‘vein’ so that their tips were 2-3 mm apart. Capacitance mano- 
meters were attached to both catheters and blood was withdrawn from the side arm of a two-way 
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tap placed between one manometer and the catheter. Blood was withdrawn from the dummy 
vein at varying rates between 0-5 and 2-5 ml./min and records were taken of the pressures at both 
the outer end of the sampling catheter and in the vein. It was found that a negative pressure of 
150-400 mm Hg was applied by the syringe and that the pressure in the rubber vein, which tended 
to remain circular in cross-section, fell by 3-6 mm, both pressures depending on the rate of 
withdrawal of blood from the vein. 

A cuff pressure of 60 mm Hg was used for venous occlusion. The circulation to the hand was 
stopped by a wrist cuff inflated at 200 mm Hg | min before venous occlusion. In some experiments 
forearm volume changes were recorded with the plethysmograph. Occlusion was applied for 
periods of 1, 2, 3 or 4 min, at the end of which time the tubing from the saline-heparin infusion 
pump was disconnected, a syringe attached to the catheter and 1 ml. of blood collected; after 
completion of the sampling, the infusion tubing was re-attached to the catheter and the wrist and 
venous cuffs released. Blood samples were stored using Scholander’s technique, and their oxygen 
content found by the Roughton-Scholander (1943) analyser. In some experiments adrenaline 


iontophoresis (Cooper, Edholm & Mottram, 1955) had been performed before the experiment 


An oxymeter (Handforth, 1955) was used to study the oxygen saturation of the blood during 
the first minute of venous occlusion. In the model used the cuvette was inserted into the tube 
holder of a portable (Evans Electroselenium) colorimeter. The galvanometer of this instrument 
has a pointer which moves over a logarithmic scale, reading zero for full transmission and infinity 
for complete extinction of light, so changes in scale reading are proportional to changes in oxygen 
content of the blood in the cuvette. A change of one scale unit =a change of 34% saturation or 
0-67 vol. oxygen %. Handforth found that 95% of estimates of oxygen percentage saturation, 
using both the Van Slyke manometric method and the oxymeter, differed by less than 8 % satura- 
tion. The oxymeter was used to obtain a continuous record of blood oxygen content by attaching 
the cuvette directly to the catheter and drawing through it a stream of blood from the vein at the 
rate of 2 ml./min, taking readings of the galvanometer deflexion every 5 sec. The effects of 1 min 
periods of continuous occlusion, and of intermittent occlusions at 5, 7-5, 10 or 15 sec intervals on 
and off for a total of 2 min, were studied by this method. 


RESULTS 


In samples taken after 1, 2, 3 or 4 min of occlusion the oxygen percentage 
saturation was found to be high at 1 min, thereafter progressively declining to 
reach approximately control level at 2-3 min and showing a fall below control 
values at 4 min. These changes persisted after adrenaline iontophoresis, 
indicating that this response to venous occlusion was probably taking place in 
the muscle vessels (Fig. 1). 

The rise in oxygen content of venous blood during the first minute of venous 
occlusion was then investigated using the oxymeter. The responses of the 
oxymeter when a continuous stream of blood was passing through it were first 
studied in two ways: 

(1) Blood was passed through the cuvette at 0-4 ml./min from a mixed 
sample of heparinized blood in a syringe, using a constant infusion pump. 
Readings were taken at 5 sec intervals for two periods of 6 min. Between the 
two periods the syringe was removed from the pump and the contents remixed. 
The standard deviation of the 144 readings was 0-4 scale division (=1-2% 
saturation). 
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Minutes 

Fig. 1. The percentage saturation of venous blood samples obtained immediately after 1, 2, 3 and 
4 min venous occlusion are shown, together with the mean value for samples obtained at each 
time. Theshaded area on the Y-axis shows the mean and range of the oxygen content of a control 
series of samples (Mottram, 1955). Some control samples were taken in the present series. The 
dots on the Y-axis indicate their oxygen content. A=normal arms. B=arms subjected to 
adrenaline iontophoresis. The points connected with lines are the results obtained when it was 

) possible to take the samples serially during a single occlusion period. 
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Fig. 2. 0,% saturation of blood determined by oxymeter readings made each 5 sec for four periods 
) of 3 min, during which blood was being drawn continuously from a vein through the oxymeter 
cuvette. The mean and s,D. are given alongside each run. 
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(2) From a vein in a resting subject blood was withdrawn continuously at 
2 ml./min through the oxymeter for 3 min periods, readings of the galvano- 
meter being taken at 5 sec intervals. Fig. 2 shows the results of four periods of 
observation obtained at 5-15 min intervals on this subject. It is seen that the 
spontaneous variation in oxygen percentage saturation of venous blood in two 
runs was little more than that found when a mixed sample of blood from 
a syringe was passed through the oxymeter. In the other two runs the standard 
deviations of the thirty-six observations were 3-3 and 2-7% saturation 
respectively. In all the following experiments the galvanometric deflexion was 
recorded at 5 sec intervals for 1 min before any experimental procedure was 
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Minutes 
Fig. 3. The change in 0,% saturation of deep venous blood produced by 1 min of venous occlusion 
and determined by an oxymeter. Each line is the result of a separate experimental session and 
represents the mean of the galvanometer readings taken at corresponding times during 3 min 
periods, in the second minute of which venous occlusion was applied. The figures in brackets 
indicate the number of repeat runs for each experiment. Three experiments were performed 
on one subject and two on the other. 


applied. The variation in these control periods was similar to that observed in 
the 3 min periods of recording described above. It can therefore be assumed 
that any change in oxygen saturation greater than 6-6 (twice the greatest 
standard deviation) will be a significant deviation from the normal level. 
The oxymeter was then used to study the change in venous blood which 
occurred during a 1 min period of venous occlusion sustained at 60 mm Hg. 
Galvanometer readings were taken at 5 sec intervals for 1 min before, during 
and after occlusion. This procedure was repeated several times on each subject 
and the corresponding readings averaged. Fig. 3 shows the response given 
by one subject on three separate occasions and by another subject on two 
occasions. Galvanometer readings are plotted against time and the period of 
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cuff inflation indicated on the time scale. The rise in oxygen content of venous 
blood may be apparent within 5 sec of occlusion, or it may take as long as 
30 sec to appear. The rise in oxygen content varied from about 5°, saturation 
(a fall of 14 scale divisions) to as much as 25%, saturation (a fall of 7} scale 
divisions). In all, ten subjects, in three of whom three separate experiments 
have been performed, have shown this response to varying degrees. Twice only, 
in sixteen experiments, has no rise in oxygen content of venous blood occurred 
with venous occlusion. These were both in subjects in whom on other occasions 
a definite reaction occurred. In one subject the response was observed to 
change from run to run, though the occlusions followed each other at 10 min 
intervals. In the first run no change of saturation occurred during occlusion 
for 1 min. In the second, third and fourth runs the response progressively 
increased, until the maximum rise in oxygen content was of the order of 20% 
saturation (Fig. 4). 


70 


Minutes 


Fig. 4. O,% saturation, determined by the oxymeter readings taken at 5 sec intervals during four 
periods of 3 min separated by 7 min rest periods, for blood drawn continuously from a deep 
vein of one subject. In each period venous occlusion was applied during the second minute. 
Note the progressive change in response from run | to run 4. @, run 1; O, run 2; x, run 3; 
+, run 4, 


In four further subjects the effect of venous occlusion on oxygen content of 
a superficial vein was investigated. In three of these no change occurred, but 
in the fourth a rise of 16% saturation was seen. This occurred after a delay of 
20 sec from the onset of occlusion and was present in each of four occlusion 
periods, 

In two subjects venous occlusion was applied for 1 min alternately to 
either arm, blood being drawn from a deep vein in the right arm. When 
occlusion was applied to the left arm, no change occurred, but when the right 
arm veins were occluded a rise in saturation occurred of 16 % in one subject and 
of 10% in the other (Fig. 5). 

In further experiments the forearm veins were alternately occluded and 
released at varying rates, occlusion being equal in duration to release and lasting 
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for periods of 5-15 sec. During a 2 min period, while these intermittent 
occlusions were being applied, observations were made on the forearm deep 
venous blood on five subjects. In all cases, including one experiment using 
5 sec occlusions, the oxygen content of venous blood rose and fell as occlusion 
was alternately applied and released (Fig. 6). In one out of the six sets of 
observations the mean oxygen content during the intermittent (10 sec) occlu- 
sions was the same as that before occlusion began. In all the others (with cuff 
alternately applied and released for 15, 10, 7-5 or 5 sec) the mean oxygen 
content during occlusion was higher than during the control periods (Fig. 7). 


Opposite (left) arm veins occluded 
60 [Cuff on | 
1 
100 Same (right) arm veins occluded 
90 
70 
1 2 3 
Minutes 


Fig. 5. The change in 0,% saturation of blood drawn from a deep vein of the right arm 
when 1 min occlusions were applied to each arm in turn. Two subjects were investigated. 
@, subject 1; O, subject 2. 


Haemoglobin determinations were performed on samples of blood drawn 
before and 45-60 sec from the start of venous occlusion. Three subjects were 
investigated and fourteen pairs of samples were obtained. The mean difference 
between the pairs of samples was 0:2 g Hb/100 ml., the sample taken during 
occlusion containing the greater amount of haemoglobin. This difference was 
found, on statistical analysis, to be insignificant. Similarly, no increase or 
decrease in haemoglobin was found during the first 15 sec of occlusion. 


DISCUSSION 


The fall in optical density, that was found to occur in blood drawn from the 
deep veins of the forearm when the pressure within them rose, could be due 
either to a fall in the haemoglobin content of the blood or to a rise in the 
saturation with oxygen of the haemoglobin. That it could be due to a fall in 
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Fig. 6. The response of the O,% saturation of deep venous blood in a 2 min period during which 
venous occlusion was applied for 10 sec in every 20 sec. Each line is from a separate subject 
and is the mean of two or more runs as indicated by the number in brackets. The rectangles 
on the abscissae indicate the periods of occlusion. 


(2) 

Minutes 

a 


| 


Fig. 7. The percentage saturati 


of intermittent occlusion, compared with that found for the 1 min before and after the 
| occlusions. The dark portions on each line indicate the periods of venous occlusion. 


80 
70 (4) 
60 
vu 
a. 
4 
4 
ster during 2 min 


262 M. F. MOREIRA AND OTHERS 


haemoglobin in these experiments is disproved by the observation that 1 min 
of venous occlusion produces no significant change in haemoglobin concentra- 
tion. Thus no separation of plasma from cells occurred owing to stagnation or 
any preferential shunt mechanism. The change in optical density must there- 
fore be due to a change in oxygen percentage saturation of the blood. This is 
confirmed by the results on the first series of experiments, in which the oxygen 
content of blood samples was found with the Roughton—-Scholander syringe 
analyser. 

Venous occlusion, or even the mere suction of blood from a vein, might 
result in altering the source of the blood in the vein. With the circulation 
completely occluded at the wrist, the deep veins of the forearm contain blood 
draining from the muscle tissue, from bone, and possibly from skin. Skin 
venous blood contains more oxygen than does that of the deeper tissues 
(Mottram, 1955). Venous occlusion could divert blood from the skin into the 
deep veins and thus account for the rise in saturation (Green, Cosby & Radzow, 
1944). However, this cannot be the only factor, because the rise in saturation 
was not abolished by adrenaline iontophoresis which stops the skin blood flow. 
Furthermore, a rise in saturation was even seen to follow venous occlusion in 
one out of the four superficial veins that were catheterized. Therefore the 
change in oxygen saturation of deep venous blood is probably not solely due to 
a diversion of blood from the skin. 

It is possible that within the deeper tissues themselves there may be areas 
with a high blood flow and therefore with effluent blood rich in oxygen, and 
conversely areas with a low blood flow and more desaturated venous blood. 
It is not known whether this is in fact true. Were it to be so and should the 
onset of venous occlusion always cause a change in oxygen saturation of blood 
passing the catheter tip, a fall in saturation might be expected as often as a rise. 
In fact, either a rise, or no change, but never a fall in oxygen saturation, was 
observed on venous occlusion. 

Changes in venous pressure by altering the level of limbs relative to that of 
the heart have also been produced by Wilkins, Halperin & Litter (1950) and 
by Rosensweig (1955). The former found in eleven subjects lying prone that 
lowering the legs by flexion at the hips, to an angle of 60° below horizontal, led 
to a rise of oxygen content of popliteal vein blood up to 5-10°% saturation 
after 5 min, and that returning the legs to the horizontal led to a fall of 7% 
saturation. Provided no obstruction to venous blood flow occurred, this change 
in posture would result in a hydrostatic increase of about 30 mm Hg in 
popliteal venous pressure. It appears that at this pressure increase elevation 
of venous blood oxygen saturation persisted for longer than at the pressures 
used by ourselves. Rosensweig alternately held the arm horizontal at the level 
of the sternal angle, or lowered it until the wrist was 50 cm below its original 
level. He found a mean rise of 16-5°% oxygen saturation in antecubital and 
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forearm vein blood samples when the arm was dependent and observed that 
the change persisted for up to 14 min. 

Werner e al. (1953) and Edholm et al. (1954) have shown that during 
periods of venous occlusion or congestion lasting up to 4 min the blood flow of 
the part was reduced when measured with the plethysmograph. Since this 
reduction of flow was less than that expected from the reduction in arterio- 
venous pressure gradient they suggested that a rise of venous pressure‘is 
accompanied by a progressive fall in arteriolar resistance. 

The results described here show that, as the venous pressure is raised in the 
muscular part of a limb, blood of a progressively higher oxygen content 
appears in the veins. Simultaneous venous pressure and oxymeter records 
have not been made, but by comparison of results shown in Fig. 3 with records 
of venous pressure taken in the experiments of Werner et al. it seems likely that 
the observed change in oxygen content of the blood occurs after the rise in 
venous pressure has begun. Fig. 2 shows the change in oxymeter readings 
when blood was drawn through it from a deep vein while the subject remained 
at rest. The fluctuations in reading that occurred, though rather variable, 
were both smaller and slower than those observed when venous pressure was 
raised. Fig. 5 shows that the response to applying the cuff is one that only 
oceurs in the limb with occluded veins. It is not obtained by occluding the 
veins of the other arm. 

Our results thus confirm the suggestion put forward by Werner et al. that, 
as venous pressure rises, an arteriolar dilatation develops. The appearance in the 
veins of blood approaching arterial blood in oxygen content when the flow rate 
is reduced suggests that there are non-metabolic channels which are opened by 
this arteriolar dilatation. Passage of oxygen from red blood corpuscles to 
tissue fluid would be hindered if the cells passed very rapidly through the 
capillary, or if their distance from the capillary wall were much increased. 
Overall flow rate is, however, diminished, therefore corpuscular flow rate 
could not, under these circumstances, be increased as corpuscles tend to ‘fall 
out’ of the stream if it is slowed down. Capillary diameter would have to 
increase many times to interfere with diffusion of oxygen sufficiently to 
produce any effect. 

Evidence already exists for the presence of a second, non-metabolic system 
of small vessels in skeletal muscles, in addition to the normal capillary vessels. 
Thus post-exercise hyperaemia is not altered in size by adrenaline infusion 
(Dornhorst & Whelan, 1953). The hyperaemia produced by adrenaline infusion 
or by deep nerve block can be detected by the plethysmograph but not by 
*Na clearance or by measuring the rate of tissue fluid formation (Miller 
& Wilson, 1951; McGirr, 1952; Walder, 1953; Kitchen, 1953, 1954). These 
latter methods give an indication of blood flow through channels where 
metabolic exchange is occurring, whereas the plethysmograph records the 
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total inflow of blood to the limb segment. On the basis of this evidence the 
hypothesis of a double circulation in skeletal muscle has been put forward 
by Barcroft & Swan (1953). The observations recorded in this paper add 
confirmatory evidence to this hypothesis, the non-metabolic channels 
being opened by: (1) release of sympathetic vasoconstrictor tone by nerve 
blocking; (2) infusion of adrenaline at 10 ug/min; and (3) by raising venous 
pressure. 

Three ways in which a raised venous pressure could, theoretically, open 
non-metabolic or shunt vessels are as follows: (1) distension due to back 
pressure, (2) local liberation of vasodilator substances, (3) reflex mechanisms. 
(1) It is not possible to make any suggestions concerning the effect of back 
pressure on the shunt vessels without knowing something about their place 
of origin from arteries or arterioles or about their histological structure. If 
they are branches from the distal end of arterioles, then they could be dis- 
tended by a raised venous pressure transmitted back through the capillaries, 
but if their origin were from the proximal ends of arterioles this could 
not be so. 

(2) Metabolites, accumulating as flow falls owing to the rise in venous 

pressure, could not open the shunts, for these open before blood flow is 
decreased. The specific release of a substance like bradykinin (Hilton & Lewis, 
1955) may occur in response to a rise in venous pressure. 
_ (3) Although vasodilator fibres are known to exist in skeletal muscle (Folkow, 
1955) baro-receptors on the vein wall and afferent fibres from them will have 
to be demonstrated before it can be stated that the opening of shunts following 
@ rise in venous pressure is due to a reflex mechanism. 


SUMMARY 


1. During a 4 min period of venous congestion of the human forearm at 
60 mm Hg an initial rise, followed by a fall, occurs in the oxygen content of 
blood withdrawn from the deep veins. 

2. By continuous suction of blood from a deep vein through an oxymeter 
it is found that blood with increased oxygen content could be withdrawn 
from the vein within 5 sec of the onset of occlusion, and that the peak of 
si reached after 1 min, may be 25% saturation above the control 
evel, 

3. Venous blood withdrawn during periods when the cuff is alternately 
inflated and deflated at 5-15 sec intervals may contain up to 2 vol. % more 
oxygen than during the period before inflation begins. 

_ 4, The vascular dilatation postulated as occurring during venous occlusion 


must be such that blood flows from artery to vein through shunt channels and 
not through capillaries. 
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THE REVERSIBLE ALTERATIONS OF THE ELECTRO- 
RETINOGRAM OF THE RABBIT AFTER OCCLUSION 
OF THE RETINAL CIRCULATION 
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The blood flow in the retinal vessels is partly determined by changes in the 
intraocular pressure. By artificially changing the latter the blood supply to the 
retina and choroid can be controlled; thus, raising the intraocular pressure 
reduces the blood inflow and vice versa. Not until the pressure inside the eyes 
equals that of the blood in the main arteries entering the eye does the retina 
become ischaemic. 

This paper describes the changes in the electroretinogram (e.r.g.) during 
ischaemia and after restoration of the retinal circulation. In several pre- 
liminary experiments the e.r.g. was recorded under conditions of reduced 
blood flow, but the main results are concerned with complete ischaemia and 
subsequent recovery. 


METHODS 
The experiments were performed on rabbits under light urethane anaesthesia (1-75 g/kg body 
weight in 25% solution). The eyes had been atropinized for 24 hr beforehand in order to eliminate 
changes in the pupillary aperture. Contraction of the orbicularis muscle was prevented by infiltra- 
tion of the muscle and its nerve supply in an area lateral to the outer angle of the orbit using 1 ml. 
2% lignocaine. 

The femoral blood pressure'and intraocular pressure were continuously recorded as previously 
described by Greaves & Perkins (1952), amethocaine drops being instilled into the eye 1 min 
before insertion of the needle for the latter purpose. 

The needle inserted into the anterior chamber and used for recording the intraocular pressure 
also served as the active electrode for recording the e.r.g. It was insulated with polythene except 
for the part inside the eye. A brass plate, screwed to the skull to allow firm fixation of the head, 
also formed the indifferent electrode. The two leads were fed into a commercial electroretino- 
graph of the type employed by Karpe (1945). 

The retina was stimulated with light from a compact electric source (6 V 48 W lamp), the fila- 
ment being imaged in the plane of the iris by means of a condensing lens which was thus ‘seen’ 
by the animal in Maxwellian view, the lens subtending 30° at the eye. A compur shutter was 
interposed and adjusted to give a stimulus duration of +s sec. 
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Calibration of the light source. The brightness of the light source was measured by placing an 
observer's eye in the position of the rabbit’s. It was found that the brightness of the lens was 
matched by that of a magnesium oxide screen illuminated by 1-892 x 10°lm. Measurements 
were made of the magnification of the images formed on the sclera of albino rabbits and the 
posterior nodal distance calculated. In four animals this varied from 11-2 to 9-75 mm with a mean 
of 10-2 mm. The diameter of the homatropinized pupil showed similar variation and averaged 
10-55 mm. The retinal light flux was then calculated and found to be 1-573 x 10* lux, neglecting 
optical imperfections and light loss in the optic media. All experiments were carried out in 
a blacked-out laboratory, after 20 min preliminary dark adaptation of the animal. 


il 


Fig. 1 Fig. 2 
Fig. 1. Normal rabbit e.r.g. (a-, b- and c-waves). 


Fig. 2. ¢@.t.g. taken 30 min after the intraocular pressure (1.0.P.) had been raised to 80 cm 
saline. Note essentially identical with Fig.1. 


RESULTS 


The normal electroretinogram. Under the conditions of the experiment, the 
measured e.r.g. had a well-marked a-wave, a rounded b-wave and a fairly 
large c-wave (Fig. 1). There was no off-effect. In agreement with other authors 
(see, for example, Noell, 1954) we have found that the height of the c-wave 
varies, ranging in our experiments from about 50 to 200% of the height of the 
b-wave in different animals. In any one animal, however, the relative heights 
of a-, b- and c-waves remained constant. 

Effect of raising the intraocular pressure. In a preliminary series of experi- 
ments the intraocular pressure was raised to and kept at 80, 100 and 120 cm 
saline in three animals for periods ranging from 20 to 40 min; in each animal 
the blood pressure was 110-120 mm Hg. In spite of the embarrassment to 
the retinal circulation under these conditions, the e.r.g. was unaffected (Fig. 2). 

Sudden occlusion of the retinal circulation. By raising the level of intraocular 
pressure to equal that of the general blood pressure, all blood flow into the 
eye is prevented. Under these conditions the e.r.g. is rapidly extinguished, 
the component waves disappearing in the following order. First the c-wave, 
which is most susceptible, is greatly reduced within 1 min (Fig. 36), and after 
it has gone the e.r.g. shows a slower negative potential after the b-wave. The 
 a-wave also disappears rapidly, within 1} min of occlusion of the blood supply 
(Fig. 3d). The b-wave is more resistant, declining gradually over 3-4 min, the 
late negativity declining with it. 
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Restoration of blood flow. Although easily extinguished by retinal ischaemia, 
the e.r.g. returns rapidly when the blood flow is restored, and even after 
a 10 min occlusion a normal e.r.g. can reappear. In our first experiment where 
e.r.g.’s were taken throughout, the a- and b-waves returned to normal, the 
latter in about 20 min. However, thec-wave was much increased (see Fig. 4a, 5). 
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Fig. 3. The e.r.g. in ischaemia: 1.0.2. 150 cm saline, a: before 1.0.P. raised (normal); 5: 30 sec 
after 1.0.P. raised (c-wave reduced) ; c: 60 sec after 1.0.P. raised (note late negativity); d: 2 min 
after 1.0.P. raised (a-wave absent, b-wave reduced). 
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Fig. 4. Recovery from ischaemia. a: before 1.0.P. raised (normal e.r.g.); 6: 17 min after end of 
10 min period of ischaemia (note increased c-wave). Calibration 500,uV (centre). Top 
tracing: stimulus marker, +; sec. 


In the next experiment, no e.r.g.’s were taken during the period of ischaemia, 
and though the a- and b-waves returned to normal, the c-wave was not bigger 
than before. It therefore seemed possible that the size of the c-wave during 
the recovery period might depend upon the amount of light falling on the 
retina while it was ischaemic. This hypothesis was tested in the following 
way. An animal was dark adapted for 20 min and a series of e.r.g.’s taken to 
establish the normal. The stimulating light was then shone upon the eye for 
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10 sec before, during or after'a 10 min period of ischaemia. No further e.r.g.’s 
were taken until the blood supply had been restored, when the recovery of the 7 
retina was followed for the next 20 min. : 
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Fig. 5. Recovery of the e.r.g. after ischaemia. Ordinate: magnitude of components as percentage 
of normal. Abcissa: time in min after end of ischaemia. O, a-wave; (}, b-wave; @, o-wave. 
a: test light shone on retina for 10 sec, 1 min before 1.0.P. raised; 5: test light shone on retina 
for 10 sec, 5 min after 1.0.P. raised (note increase in o-wave in a compared with 6). 


The recovery process has been represented in Fig. 5a, 6; the ordinate 
indicating the magnitude of the e.r.g. components in percentages of their 
original (normal) values, and the abscissa the time in minutes after the return 
of the intraocular pressure to its initial value (restoration of blood flow). 
E.r.g.’8 were taken, and the eye was then exposed to the test light for 10 sec. 
One minute later the intraocular pressure was increased to 150 cm saline. 
After 10 min it was reduced to 20 cm saline, and e.r.g.’s were taken at 30 sec 
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intervals for the next 20 min. Immediately after the restoration of the circula- 
tion the e.r.g. was absent. Within 1 min the a- and b-waves returned and were 
soon followed by the c-wave. Over the succeeding minutes the b-wave 
gradually returned to normal, while the other components, increasing at a 
much greater rate, soon attained supernormal height. This was not, however, 
maintained and the height of the c-wave began to fall after about 15 min, 
when the b-wave had almost fully recovered. 


a b ¢ a b c 
Waves Waves 

Fig. 6. Comparison of the e.r.g. before and after ischaemia. Left side of each diagram indicates 
plan of experiment: + <e.r.g. taken. Shaded rectangle shows the 10 see period of exposure 
of the eye to test light. Unshaded rectangle repfesents period of ischaemia. Right side shows 
heights of a-, b- and c-waves, the shaded portion representing the post-ischaemic height as 
a percentage of the pre-ischaemic. a: test light on 5 min before 1.o.P. raised (period of ischaemia 
10 min); b: test light on 1 min before 1.0.P. raised (note a- and c-waves become supernorma)) ; 
c: test light on 30 sec after 1.0.P. raised when e.r.g. still present (note a- and c-waves again 
supernormal); d: test light on 5 min after 1.0.P. raised when e.r.g. absent; ¢: test light on 
30 sec after 1.0.P. lowered when e.r.g. absent, 


In the experiment represented in Fig. 5b the eye was exposed to the test 
light for 10 sec in the middle of a 10 min period of ischaemia. In the period 
immediately following on ischaemia the e.r.g. was absent. The separate com- 
ponent waves then appeared as before, the b-wave slowly, the a- and c-waves 
rapidly, but this time the c-wave did not become so markedly supernormal. 

The collected results are expressed as histograms in Fig. 6, and the heights 
of the waves are the means of the e.r.g.’s taken at 14, 15 and 16 min after 
the end of ischaemia. Each result is the mean of three experiments except 
Fig. 6d in which four animals were used. In the column on the left the plan of 
the experiment is summarized. In the first group (Fig. 6a) of experiments the 
test light was shone on the eye 5 min before the onset of ischaemia. During 
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recovery the a-, b- and c-waves returned almost to the base-line level. Below 
this are the results of experiments where the eye was exposed to the test light 
1 min before the onset of ischaemia (Fig. 65). In this group only the b-wave 
has returned to normal in the post-ischaemic phase, the a- and c-waves having 
both increased in size. 

The same is true in the next group where the eye was exposed to the test 
light 30 sec after the commencement of ischaemia and whilst the full e.r.g. was 
present (Fig. 6c). However, if the eye was exposed to the test light 5 min after 
the onset of ischaemia and after the e.r.g. had been extinguished, when the 
intraocular pressure was again restored to normal all the component waves of 
the e.r.g. returned: almost to their pre-ischaemic levels without becoming 
supernormal (Fig. 6d). This is also true of the experiment where the eye was 
exposed to the test light 30 sec after the end of the ischaemic period (Fig. 6e). 

It can be seen that if light is shone on the eye 1 min before, or shortly after, 
the occlusion of the circulation, the c-wave in the recovery phase is supermprmal. 
Further, it is to be noted that the c-wave is increased only when exposure of 
the eye to the test light results in an e.r.g. 


DISCUSSION 
Experiments upon the visual system of the rabbit frequently yield unrepeatable 
results. For example, Noell (1954) found that the relative heights of the 
b- and c-waves varied enormously. Tansley (personal communication) has 
suggested that this may be correlated with the frequency with which abnormal 
retinal histology is found in normal rabbits; a partial atrophy of the inner 
nuclear layer is a common finding. Although in our experiments the relative 
heights of the components of the e.r.g. were more or less constant from rabbit 
to rabbit, it is just possible that the results might be vitiated by abnormal 
retinae, although unlikely, as Bornschein & Zwiauer (1952) have also noticed 
this phenomenon. They evoked e.r.g.’s in rabbits under conditions where no 
c-wave normally appeared. During the recovery phase after retinal ischaemia, 
however, a c-wave was evoked; it disappeared when recovery was complete. 
We have also performed a few similar experiments with cats and monkeys 
with results essentially similar to those described above on the rabbit. 


Components of the electroretinogram 

The best known and most generally accepted analysis of the electroretino- 
gram is due to Granit (1947). In this he divided vertebrate e.r.g.’s into two 
classes, ‘E’ and ‘I’. The ‘E’ or rod-dominated e.r.g. is found in its purest form 
in the rabbit. Here there is little off-effect, a small a-wave, large c-wave and, 
even at high intensities of stimulation, a rounded b-wave. However, the 
present experiments do not, in some respects, support Granit’s analysis. 
Granit attempted to asphyxiate the retina of cats (also an ‘E’ retina) by 
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compressing the carotid arteries. He found that the order of disappearance of 
the components of the e.r.g. was b, then c and last of all, a. We find that in the 
rabbit the a- and c-waves disappear rapidly, the b-wave being more resistant ; 
similarly, the different waves reappear in the reverse order. This may be 
a species difference but probably the discrepancy lies in the intensity of the 
light used to stimulate the eye. Granit found that after the b-wave had 
disappeared a strong stimulus could still evoke it. His asphyxia was not 
complete, blood still reaching the eye from the vertebral arteries. We find 
much the same picture as he did during the recovery phase. It is therefore 
probable that the b-wave (Granit’s process P II), is less sensitive to asphyxia 
than the other components and not more sensitive as Granit thought. This 
makes it unlikely to be a manifestation of late retinal activity. 

Relation of a- and b-waves. In the experiments described above it was shown 
that the b-wave could be produced under conditions where the a-wave was 
extinguished. Noell (1952) has found the same phenomenon to occur in iodate 
poisoned eyes. It therefore seems unlikely that the a- and b-waves are in any 
way causally related. 

Relation of a- and c-waves. On the other hand, the a- and c-waves are 
extinguished and recover with much the same time-course. In addition, the 
a-wave is increased in size in those recovery experiments (Fig. 6) where the 
c-wave is supernormal, and in no others. Therman (1938) found that this 
correspondence occurred in frogs’ eyes which had been treated with adrenaline, 
both a- and c-waves being increased in size. Noell seems to have encountered 
a similar phenomenon when, in azide poisoned retinae, the a- and c-waves 
increased in size, independently of the b-waves. 


The c-wave in ischaemia and recovery 

The experiments described above show that if the eye is exposed to light 
early in the ischaemic phase, the c-wave during the subsequent recovery 
period becomes supernormal. This, however, is not the case if light is shone 
on the eye some time after the ischaemia has become established; that is, 
when the e.r.g. has been extinguished. The decomposition of visual purple 
when exposed to light continues independently of the presence of circulating 
blood; the c-wave therefore cannot be concerned directly with the breakdown 
of visual purple. It must be related to the subsequent processes which give 
rise to the other components of the e.r.g. Further, if the eye is exposed to light 
immediately ‘before the occlusion of the circulation, the c-wave is again 
increased in the recovery period; in fact, much the same happens as when the 
eye is exposed to light during ischaemia. __ 

It seems therefore that when light falls on the retina it does not return to 
the resting state until more than one minute has elapsed—long after the end of 
the e.r.g. This alteration in the retina, though not connected with any electrical 
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activity which we could record, can be indirectly demonstrated by the 
experiments reported above. 

We do not know the nature of this recovery, but (1) it occupies more than one 
minute; (2) it is interfered with by retinal ischaemia and is probably therefore 
a metabolic recovery in that part of the retina associated with the e.r.g. 

The c-wave, of all the components of the e.r.g., seems to be most closely 
connected with this recovery. Whether this restorative process is directly 
related to an oxidative system is not clear but the early disappearance of the 
c-wave in ischaemia supports this idea. 

Noell showed that the intravenous injection of azide into rabbits resulted in 
an increased c-wave. Azide raises the d.c. potential of the eye even when the 
receptors have been destroyed by iodo-acetic acid, but not when the pigment 
epithelium has been destroyed by iodate. Noell’s inference was that the c-wave 
‘originates across’ the pigment epithelium. However, since the iodate used 
in these experiments destroyed both receptors and pigment epithelium, Noell 
could not put this inference to experimental test (as none of the poisons 
damaged only the pigment epithelium). Our experiments support the idea 
that the c-wave is a metabolic potential which accompanies activity of the 
retina. It may be that the restoration in statuwm quo depends in part on the 
integrity of the pigment epithelium. 


SUMMARY 

1. The normal rabbit’s e.r.g. is described. It is unaffected when the intra- 
ocular pressure is raised to 120 cm saline. When the intraocular pressure is 
raised above the arterial pressure, the e.r.g. is extinguished within 4 min. The 
c-wave is most sensitive, the b-wave least, to this occlusion of the retinal 
circulation. 

2. After 10 min occlusion a normal e.r.g. can be evoked when the circulation 
is restored. 

3. If light is shone on the eye immediately before, or within 4 min of the 
beginning of the period of retinal ischaemia, the a- and c-waves become 
supernormal when the circulation is restored. 

4. This does not happen if light is shone on the eye more than 4 min after 
the beginning of ischaemia, i.e. when there is no electrical evidence of retinal 
activity. 

5. These phenomena are discussed in relation to the origin of the e.r.g. 


We wish to thank the Alexander Pigott Wernher Memorial Trust Fund for defraying the cost of 
this study. 
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It has been asserted (Dexter, Dow, Haynes, Whittenberger, Ferris, Goodale & 
Hellems, 1950; Gorlin, Lewis, Haynes, Spieg] & Dexter, 1951; Lewis, Gorlin, 
Houssay, Haynes & Dexter, 1952; Davies, Goodwin & van Leuven, 1954) that 
elevation of the left auricular pressure causes a greater increase in pulmonary 
arterial pressure under conditions in which the pulmonary capillary pressure 
might be expected to approach the colloid osmotic pressure of the blood. The 
elevation in pulmonary arterial pressure might be due to pulmonary arteriolar 
constriction. It was thought interesting to study this response in isolated 
lungs, and in cats under chloralose anaesthesia in which the left lung or the 
lower lobe of the left lung was separately perfused at constant volume inflow. 
Preliminary experiments have already been reported (Carlill & Duke, 1954, 
1956). 
METHODS 

Experiments in isolated lungs. Isolated cats’ lungs were perfused with the animal’s own hepari- 
nized blood (1000 i.u. ‘ Liquemin’ Roche/100 ml.) which was collected under chloralose anaesthesia 
(0-1 g/kg intraperitoneally). Perfusion was carried out at constant volume inflow using a Dale- 
Schuster pump (Duke, 1951). The arterial inflow reached the lungs via a cannula inserted through 
the wall of the right ventricle and tied into the pulmonary artery beyond the pulmonary valves. 
The venous outflow was collected into a venous reservoir from a cannula inserted into the left 
auricle. Both ventricles were compressed by a tape. The temperature of the perfusate was kept 
at 36-38° C during the experiments. In some experiments 20-30 ml. dextran (‘Intradex’, Glaxo) 
was added to the blood obtained from the animal. In all experiments the output per minute of 
the pump was measured after the end of the experiment using the same perfusate as had been 
used in the experiment. Calibration of the pump showed that the output decreased by about 
5% for an inflow pressure change of 0-35 cm 0-9% NaCl solution. 

Pulmonary arterial pressure changes were recorded with a tambour and could also be read on 
a manometer filled with 0-9% NaCl solution (Duke, 1954). Pulmonary vascular pressures during 
negative preasure ventilation were referred to atmospheric pressure. Changes in left auricular 
pressure were made by adjustments of a screw clip on the tubing leading to the venous reservoir. 
A T-piece on this tubing was connected to a manometer filled with 0-9% NaCl solution on which 
the left auricular pressure could be read and recorded by means of a small volume recorder 
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attached to the open end of the manometer. To change the left auricular pressure the screw clip 
was adjusted and pressures read over the succeeding 1-2 min, by the end of which time they were 
stabilized. The mean pulmonary arterial and left auricular pressures were taken as the arithmetic 
mean of the highest systolic and lowest diastolic values read over a period of approx. $ min after 
the pressures were stable. The manometer zeros were adjusted so that they lay approx. 1-0 cm 
posterior to the mitral valve. Rapid deterioration in perfused lung preparations is caused by 
obstruction to the venous outflow, and for this reason high left auricular pressures were not 
maintained for longer than was necessary to obtain the readings. 

The trachea was cannulated and the lungs were ventilated either by negative or by positive 
pressure. When ventilation was by positive pressure the lungs were in situ within the widely 
opened thorax and a Starling ‘Ideal’ pump was used (15 strokes/min). The maximum intratracheal 
pressure was sometimes kept constant at +8-5 or +95 cm H,O during the experiments. The 
volume of air not entering the lungs at each pump stroke was measured by the method of Konzett 
& Réssler (1940). When the lungs were ventilated by negative pressure they were removed from 
the chest and supported within a glass jar (capacity 101.) placed horizontally on a warmed 
operating table. Air waa sucked out of the jar using a Starling pump (15 strokes/min) and an 
adjustable leak in the lid of the jar enabled the negative pressure within to be varied. The pressure 
in the jar could be read on a water manometer. Drying of the lungs was prevented by placing 
100-200 ml. 0-9°% NaCl solution in the jar before the experiment. Before removal of the lungs 
the oesophagus was ligated in the neck and above the diaphragm, and all vessels entering or 
leaving the thorax were ligated and the vena azygos tied. The pulmonary artery and left auricle 
were cannulated, the ventricles tied and the heart, lungs and thoracic part of the oesophagus 
stripped from the chest and transferred to the glass jar. Positive pressure ventilation of the lungs 
was continued throughout the dissection of the preparation. The lungs were ventilated with O, 
from a Douglas bag via inspiratory and expiratory water valves in order to prevent anoxia when 
the tidal air was reduced by changing the extra-pulmonary negative pressure. Changes in lung 
blood volume were recorded by measuring changes in the volume of blood in the venous reservoir. 
With perfusion at constant volume inflow this record indicated changes in lung blood volume 
(Daly, 1938). The pulmonary arterial pressure recording system was calibrated after the experi- 
ment and the amount of blood entering or leaving the reservoir but passing into or out of the 
tambour and manometer and not the lungs was accounted for and subtracted from the venous 
reservoir record. 

Experiments in the chloralosed animal. Left lung perfusion experiments were performed in the 
cat (wt. 2-0-4-0 kg) under chloralose anaesthesia (0-1 g/kg) with the method previously described 
(Duke, 1954). The left pulmonary artery was cannulated and perfused at constant volume inflow 
with a Dale-Schuster pump which obtained its blood directly from the right auricle. The right 
lung received ite blood in the normal way. The chest was widely opened and ventilation was by 
positive pressure. Variations in left auricular pressure were made by altering the volume of 
0-9% NaCl solution within a small rubber balloon inserted into the left auricle. The left auricle 
was cannulated with a glass T-piece. One arm of the T was tied into the auricle and one arm was 
connected to a saline manometer on which the pressure in the auricle could be read and recorded 
as in the experiments on isolated lungs. The remaining arm of the T was closed by a rubber cap. 
Before the experiment began a serum needle with a short length of rubber tubing attached was 
thrust through the cap and a small rubber balloon was tied on to the end of the needle. The 
balloon tubing and needle were filled with saline and freed of air bubbles, the open end of the 
tubing closed and the balloon withdrawn into the glass T piece. After the cannula was inserted 
the balloon was placed within the chamber of the auricle. Left pulmonary arterial pressure records 
were made as described for isolated lungs. The heart rate was frequently counted over 15 sec 
periods and the minute rate calculated. 

Perfusion of the lower lobe of the left lung was also performed in the chloralosed animal. In this 
preparation the pulmonary artery and vein of the left lower lobe were cannulated, care being taken 
that so far as possible the nerves were not damaged. The artery was perfused with blood from 
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the right auricle and the venous outflow was led into a reservoir from which it drained into the 
left femoral vein. The left auricular pressure was varied as described above. The systemic B.P. 


was recorded from the right femoral artery. A square-wave electronic stimulator was used for 
stimulation of nerves. 


RESULTS 
Isolated lungs 


Experiments using positwe pressure ventilation. Twelve successful experi- 
ments were performed in which the lungs were perfused at rates varying from 
22 to 86 ml. blood/min/kg. In five of these experiments the maximum intra- 
tracheal pressure was kept constant without materially affecting the results. 
In one experiment similar curves relating left auricular and pulmonary arterial 
pressures were obtained during positive pressure ventilation and without 
ventilation of the lungs. 


P.A.P. (cm saline) 


4 50 


23 3 
L.A.P. (cm saline) 
Fig. 1. The relationship of the pulmonary arterial to left auricular pressure in isolated perfused 
lungs. Six separate experiments. Positive pressure ventilation. Blood flow 40-80 ml./kg/min. 
P.A.P., pulmonary arterial pressure; L.A.P., left auricular pressure. 


The relationship of the pulmonary arterial to left auricular pressures is 
shown in Figs. 1 and 2: Fig. 1 being derived from observations made in six 
different experiments, Fig. 2 from observations made on a single pair of lungs 
perfused at three different rates of blood flow. It can be seen that increasing 
the left auricular pressure from 0 to 10 or 15 cm 0-9% NaCl solution caused 
only a slight increase of pulmonary arterial pressure, but that the effect was 
much more pronounced when the left auricular pressure exceeded 15cm. The 
greater the rate of blood flow through the pulmonary artery the higher the 
pulmonary arterial pressure for any given left auricular pressure (see Fig. 2), 
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although there is some evidence that the curves in Fig. 2 approximate to one 
another at levels above the physiological range. No significant differences 
were observed for readings taken with rising or falling pressures. 

At constant volume inflow perfusion the pressure difference between 
pulmonary artery and left auricle gives a measure of the resistance of the 
vascular bed between these points. The resistance decreased as the left 
auricular pressure rose until the left auricular pressure was 10-15 cm 0-9% 
NaCl solution, thereafter very little change occurred (see Fig. 3). 
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Fig. 2. The relationship of the pulmonary arterial to left auricular pressure. One isolated lung 
experiment perfused at three different rates of blood flow. Positive pressure ventilation. 
Ordinate and abscissa as in Fig. 1. Blood flow (ml./kg/min): @, 46; @, 55; O, 63. 


Oedema occurred in two preparations after 1-2 hr of perfusion, and the 
pressure relationships were repeated after the onset of oedema. Oedema 
increased the pulmonary arterial pressure for any given left auricular pressure 
and the points became rather more scattered. 

The lung blood volume was also related to the left auricular pressure. 
Fig. 4 shows the lung blood volume increase from an arbitrary initial zero 
plotted against the left auricular pressure and the resistance (calculated as 
arterial minus auricular pressure). Increasing the left auricular pressure from 
0 to 20 cm 0-9°% NaCl solution produced a sharp decrease in resistance, but 
further rises of left auricular pressure had no effect on the resistance. The 
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. volume of blood in the vascular bed between the left auricle and pulmonary 


artery increased linearly with the left auricular pressure. 

Experiments using negative pressure ventilation. When testing the effects of 
variations in the extrapulmonary negative pressure on the pulmonary arterial 
and left auricular pressure relationship, difficulty was experienced in obtaining 
consistent results. This was because the condition of the preparation altered 
during the perfusion period. Consistent results could, however, be obtained 
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Fig. 3. The relationship of the left auricular pressure to the pulmonary vascular resistance. One 
pair of isolated lungs perfused at three different rates of blood flow. Positive pressure 
ventilation. Ordinate, P.A.P.-L.A.P. Abscissa, left auricular pressure. Blood flow 
(ml./kg/min): @, 46; @, 55; O, 63. 


if the left auricular pressure was successively fixed at four or five points and 
the pulmonary arterial pressure read at two or three different extrapulmonary 
negative pressure values for each left auricular pressure. In this manner the 
test could be completed within half an hour, during which time the condition 
of the preparation did not materially alter. 

In six preparations perfused at 27-46 ml. blood/kg/min it was found that, 
when the left auricular pressure was below approx. 15 cm 0-9% NaCl solution 
the pulmonary arterial pressure fell in response to lowering the extrapulmonary 
negative pressure. When the left auricular pressure was greater than approx. 
15cm 0-9% saline solution, the extrapulmonary negative pressure had no 
effect on the arterio-auricular pressure relationship (see Fig. 5). 
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Fig. 4. Isolated lungs. Ordinates, P.A.P.-—L.A.P.; L.B.V., lung blood volume increase from 
arbitrary initial zero. Abscissa, left auricular pressure. ©, L.A.P. vs. P.A.P.-L.A.P.; 
@, L.A.P. vs. L.B.V. 

Fig. 5. Isolated lungs. Negative pressure ventilation using three different 
negative pressures. ©, extrapulmonary negative pressure, 0 to minus 8 cm H,0; @, extra- 


pulmonary negative pressure, 0 to minus 14 cm H,O; @, extrapulmonary negative pressure, 
0 to minus 20 cm H,0O. 


Experiments in the chloralosed animal 
lung perfusion. Twelve successful experiments were performed. 
Increasing the left auricular pressure caused changes in left pulmonary 
arterial pressure comparable to those obtained in isolated perfused lungs 
under positive pressure ventilation (see Fig. 6). Fig. 6 also shows that 
increasing the left pulmonary arterial inflow increased the left pulmonary 
arterial pressure for any given left auricular pressure. In four experiments, 
one of which is shown in Fig. 7, atropine (dose 1 mg) was injected intra- 
venously and both stellate ganglia were removed and both cervical vago- 
sympathetic nerves were divided. It can be seen that there is no difference 
in the curves before and after atropine or after stellectomy and section of both 
cervical vago-sympathetic nerves. 
The systemic blood pressure in these experiments was low (52-108 mm Hg), 
owing to the extensive operative procedures. The blood pressure was usually 
further reduced by increasing the left auricular pressure. Tests were performed 
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in order to ascertain whether or not the vasomotor centre and efferent pul- 
monary vasomotor nerves were capable of reacting under the conditions of 
the experiments. Increase of left auricular pressure caused a rise in heart rate 
(eight tests; see Fig. 8), or a fall (six tests). In four experiments, in which the 
caudal ends of the cut cervical vagi or the stellate ganglia were stimulated 
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Fig. 6. Left lung perfusion. Chloralose anaesthesia. Two different rates of blood flow. 
O, Blood flow, 20 ml./kg/min; @, blood flow, 27 ml./kg/min. 
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Fig. 7. Left lung perfusion. Chloralose anaesthesia. Relationship of left pulmonary arterial to 
left auricular pressure before and after injection of atropine (dose 1 mg) intravenously and 
after removal of stellate ganglia and section of cervical vagosympathetic nerves. @, Before 
atropine; O, after atropine; @, after atropine and vagotomy and stellectomy. 
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electrically, changes in left pulmonary arterial pressure were observed. The 
reactivity of the vasomotor centre was tested by observing the presence or 
absence of a reflex increase in blood pressure following occlusion of the carotid 
arteries in the neck. In seven consecutive experiments this reflex was present 
up to 2 hr of perfusion (see Fig. 9). In two experiments in which the cephalic 
end of the cut left lateral popliteal nerve was electrically stimulated, a reflex 
rise in blood pressure resulted (see Fig. 9). 


B.P. 
(mm Hg) 


H.R. 
10sec 


Fig. 8. Left lung perfusion, Chloralose anaesthesia. Positive pressure ventilation. B.p.= systemic 
blood pressure. H.R. = Heart beats/min. Time marker 10 sec. 


(b) Left lower lobe perfusion. Six experiments were performed. Changes in 
left auricular pressure produced no effect on the pressure in the artery supplying 
the lower lobe of the left lung. With the methods used in this paper therefore 
no reflex effect on the pulmonary arterial pressure was demonstrable on 
changing the left auricular pressure. Direct effects on the pulmonary 
arterial pressure were, however, obtained in three of these preparations on 
stimulation of the cervical vago-sympathetic nerves and stellate ganglia. 
Changes in heart rate were also observed to follow changes in left auricular 
pressure. 
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Fig. 9. Cat 2-3 kg. Chloralose anaesthesia. Open chest. Positive pressure ventilation. A, 12.08 p.m. 
Cephalic end left lateral popliteal nerve stimulated during first signal, 30 V, 1 msec, 100 c/s. 
Both common carotid arteries occluded during second signal. Perfusion of left lung begun 
at 12.20 p.m. B, 2.08 p.m. Stimulation of cephalic end left lateral popliteal nerve as in A, 
followed by carotid occlusion. Time marker 10 sec. 


DISCUSSION 


Evidence has been produced in these experiments that the vascular bed 
between the pulmonary artery and left auricle reacts to changes in left 
auricular pressure. Increasing the left auricular pressure from 0 to approx. 
15 em 0-9% NaCl solution produces a slight increase in pulmonary arterial 
pressure and a marked decrease in the resistance of the blood vessels between 
the pulmonary artery and left auricle. Further rises of left auricular pressure 
produce marked increases of pulmonary arterial pressure and negligible 
changes in resistance. The volume of blood in the lungs, however, increases 
linearly with changes in left auricular pressure for pressures between 0 and 
35 cm 0-9°% NaCl solution. 

Lung blood volume and resistance changes can be produced by passive 
dilatation of the existing vascular channels in response to back pressure with 
or without concomitant opening up of new channels. Wearn, Ernstene, Bromer, 
Barr, German & Zschiesche (1934) showed that in the anaesthetized cat not 
all the subpleural capillary bed was open at any one time so that new channels 
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would probably be available. It is also possible that arterio-venous anasto- 
moses are present which might open up (Gordon, Flasher & Drury, 1953; 
Prinzmetal, Ornitz, Simkin & Bergman, 1948; Pritchard, Daniel & Ardian, 
1954). 

Since the resistance remains constant with left auricular pressures greater 
than approx. 15cm 0:9% NaCl solution the changes in lung blood volume 
appear to be due to changes in vessels which do not contribute to the resistance. 
At left auricular pressures below approx. 15 cm 0-9% NaCl solution dilatation 
of the vessels contributing to the resistance could be wholly or partly responsible 
for the increase in lung blood volume. Static pressure-volume relationships of 
the left auricle and extra-pulmonary parts of the pulmonary veins and also of 
the extra-pulmonary parts of the pulmonary arteries (Carlill & Duke, unpub- 
lished) showed that the increase in the volume of blood in these vessels only 
accounted for approx. 20% of the change in lung blood volume. 

The experiments in which the left lung was perfused were performed in 
order to see if the responses obtained in isolated lungs were modified under 
more normal conditions by reflex or other effects. No evidence was obtained 
that this was the case. In these experiments the condition of the animal and 
the perfusion precluded any certainty that pulmonary and vascular reflex 
pathways were intact and operative. Stimulation of the cephalic end of the 
lateral popliteal nerve and occlusion of both carotid arteries produced changes 
in systemic blood pressure, so that the vasomotor centre was at least capable 
of responding to these stimuli. The efferent nerves to the pulmonary blood 
vessels of the left lung were also found to be responsive to electrical stimuli; 
but the afferent pathway of any reflex from the left auricle or pulmonary 
blood vessels could not be tested. The changes in heart rate which occurred in 
response to increase of left auricular pressure suggest that some auricular 
afferents were functioning, but this cannot be taken as incontrovertible 
evidence because it is conceivable that the changes in blood pressure which 
usually accompanied the change in left auricular pressure may have produced 
alterations in the rate of humoral secretions. Aviado, Li, Kalow, Schmidt, 
Turnbull, Peskin, Hess & Weiss (1951) have produced evidence that the 
pulmonary arterial conus is an important reflexogenic zone. The pressure in 
this region was not measured in the experiments now reported, but it is 
unlikely that it would have been lower than the left auricular pressure. 

Dexter et al. (1950) and Gorlin et al. (1951) have postulated a reflex increase 
in pulmonary arteriolar resistance to increased left auricular pressure when 
the pulmonary capillary pressure approached the osmotic pressure of the 
plasma proteins. This reflex by reducing the pulmonary capillary pressure 
would help to prevent lung oedema. These findings were based on studies of 
pulmonary ‘capillary’ pressure in patients with cardiovascular diseases using 
the wedged catheter technique. The curves were compounded from a number 
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of individuals from each of whom one point was obtained. Pulmonary 
arteriolar resistance was calculated from pulmonary ‘capillary’ pressure, 
pulmonary arterial pressure and cardiac output. The difference between their 
results and those reported here could be accounted for by the difference in 
technique. For instance, many of their subjects were suffering from mitral 
stenosis, a condition in which a raised pulmonary resistance could be caused 
by organic changes in the pulmonary vessels (Goodwin, Steiner & Lowe, 1952; 
Biilow, Biérck, Axen, Krook, Wulff & Winblad, 1955) and a diminished cardiac 
output (Araujo & Lukas, 1952). It is also possible (Donald, 1956) that the 
hypertrophied pulmonary blood vessels in mitral stenosis can contract to 
increase the resistance to an extent which is not possible in the normal lung. 
This hypothesis has not been tested in the experiments reported in this paper. 


SUMMARY 


1. In isolated cats’ lungs, perfused at constant volume inflow with the 
animals’ own heparinized blood and under positive or negative pressure 
ventilation, an increase of left auricular pressure causes a rise in pulmonary 
arterial pressure, an increase in lung blood volume and a reduction in pul- 
monary vascular resistance. 

2. When the left auricular pressure is less than approx. 15 cm 0-9% NaCl 
solution pulmonary arterial pressure changes are slight and resistance changes 
marked. For left auricular pressures in the range 15-35cm 0-:9% NaCl 
solution arterial pressure changes are marked and resistance changes slight. 
The lung blood volume increases linearly with increase in left auricular 
pressure, 

3. The effects of changing the left auricular pressure on the left pulmonary 
arterial pressure in the cat under chloralose anaesthesia and with left lung 
perfusion are similar to those in isolated lungs. The response is not affected by 
_ atropinization, vagotomy and removal of the stellate ganglia. 

4. In the cat under chloralose anaesthesia, changing the left auricular 
pressure produces no effects on the pulmonary arterial pressure of the perfused 
lower left lobe. 

Thanks are due to Dr M. L. Jones and Mr A. Zuckerman who took part in some of the experi- 
ments. Some of the apparatus was purchased with a grant to H.N.D. from the Central Research 
Fund of London University. 
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THE EFFECT OF DENERVATION, PITUITRIN AND VARIED 
CATION CONCENTRATION GRADIENTS ON THE TRANSPORT 
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Concepts of the mechanisms by which electrolytes and water cross-cell 
membranes vary according to the experimental approach of the investigators. 
Thus, with specific reference to the kidney, techniques involving the collection 
of urine from intact animals (Pitts, 1950; Smith, 1951; Berliner, Kennedy & 
Orloff, 1951) have led to a concept of an ‘exchange reaction’ in which Na is 
reabsorbed from the tubular urine in exchange for either K or H, according to 
the availability of these latter ions, so that, at least for part of the tubule, the 
Na flux equals the sum of the K and H fluxes. Often, a H flux has been 
inferred from a difference between Na and K fluxes, and a change in pH. In 
other organs, from work on isolated tissues, it appears that Na is usually the 
primary actively transported cation, while K flux may be a more passive 
consequence of the opposite movement of positively charged Na ions (Ussing, 
1954; Conway, 1954). Using kidney slices, Davies (1954) has shown that Na 
and K movements are always reciprocal in direction, but when Na flux is 
greater than K flux, the difference is balanced by the movement of substrate, 
e.g. «-ketoglutarate. Under this condition, there is no need to postulate a 
H flux. 

The problem of the direct influence of the nervous system on the renal tubular 
excretion of electrolytes and water remains highly controversial. The pertinent 
literature is extensive, and now covers almost a century in time. Apart from 
indirect evidence that lesions in the central nervous system may lead to an 
abnormal urinary excretion of water and electrolytes without the possibility 
of a hormonal or renal vascular basis for such changes (Bernard, 1858; 
Jungmann, 1914; Pick, 1929; Welt, Seldin, Nelson, German & Peters, 1952; 
Cort, 1954), the controversy revolves about the question of direct renal in- 


nervation. Kaplan & Rapoport (1951) and Blake (1952) have maintained that 
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denervation decreases the tubular reabsorption of Na, particularly after 
dehydration, when one denervated kidney is compared with a normal contro! 
kidney in the same animal. Berne (1952) and Page, Baxter, Reem, Scott-Baker 
& Smith (1954) have criticized this work, claiming that one kidney cannot be 
used as a control for the contralateral one in the same animal, and that changes 
in Na excretion that occur after denervation are small and come about only 
as a result of a change in glomerular filtration rate (c.¥.R.). However, the 
latter authors omitted to dehydrate the animals, or otherwise to apply a 
particular physiological stress demanding maximum Na reabsorption. 

The following experiments attempt to analyse the effects of chronic denerva- 
tion of rabbit kidneys on the accumulation and loss of cations and water by 
tissue slices. In vitro pituitary extract has been used as an additional variable 
in an attempt to maximalize water transport by the slices, in order to observe 
the effect of this on cation transport in normal and denervated tissue. An 
integral part of the argument concerns the dependence or independence of 
water transport on Na transport, and for this reason experiments of Mudge 
(1951a@) and Robinson (1950) have been repeated and extended, in that the 
usual Krebs-Ringer medium for tissue slice work has been replaced by various 
media in which the concentration of K was varied from 0 to 40 m-equiv/]. 


METHODS 


Rabbit kidney cortex was used for the experiments. The left kidney was decapsulated, its blood 
vessels and ureter freed from fat and connective tissue for a distance of 1—2 om, and visible strands 
of nerve fibres severed. The blood vessels were then treated with a 2% watery suspension of 
phenol in order to destroy such nerve fibres as were left. The adventitia of all vessels at the renal 
pelvis was then infiltrated with 70% ethanol to ensure denervation without excessive fibrosis. 
As controls, from the point of view of possible changes in blood flow following denervation by the 
above technique, a series of six rabbits were bilaterally denervated and inulin and PAH clearances 
were measured by the method of Brod & Sirota (1949). A group of five control, unoperated, 
animals was used for analysis of kidney slices to compare left and right kidneys of the same animal. 

Experiments were usually carried out 14 days after denervation, earlier in some cases. In the 
ADH series no water was given to the rabbits 24 hr before the experiments. The experimental 
methods of Mudge (195la, 6) and Whittam & Davies (1953) were adhered to. The animals 
were stunned and bled from the carotids, the kidneys rapidly removed and placed separately 
into Petri dishes at 0° C. Each kidney was then sliced (slices about 0-4 mm thick) the outer 
slices being discarded. Samples of slices (about 100 mg wet weight) cut with a dry razor 
blade were blotted, and used for the estimation of the initial content of water and cations. 
Further slices were transferred to isotonic saline at 0° C, and left leaching for 2 hr. The saline 
solution was exchanged several times. Samples of slices were then removed, blotted, weighed on a 
torsion balance, and used for the estimation of water and cations (7',). It was found that a 
standard technique of blotting is required for reproducible base-line water contents. The procedure 
here has been to place the slices between two pieces of filter-paper that have been previously 
washed in distilled water and dried. One half of a Petri dish has bzen used as a weight, and was 
placed on top of the filter-paper for about 5 sec. Further samples of slices were transferred to 
Warburg conical flasks containing 2 ml. Krebs’s phosphate saline without or with substrate 
(0-01 m-a-ketoglutarate) and incubated for 10 min (7',,) and 30 min (7',,) at 25°C. O, was the 
gaseous phase. After incubation the slices were removed from the flasks, rapidly blotted, weighed 
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and used for the estimation of water and cations. In almost all the experiments quoted all analyses 
were carried out in duplicate. 

For the measurement of O, uptake, samples of slices were transferred to manometric flasks 
containing 2 ml. Krebs’s phosphate saline without or with substrate (0-01 m-a-ketoglutarate) in 
the main compartment and 0-2 ml. 2n-KOH in the centre well, the flasks were filled with O, and 
the uptake was measured at 37° C for 120 min. After incubation the slices were removed, washed 
with distilled water and their dry weight estimated. 

The difference between wet weight of the tissue and its weight after drying overnight at 
95-100° C was assumed to be equal to the total tissue water. The results are expressed as ml. H,O/ 
100 g dry solids, cslculated as follows: ene TE H,0/100 g dry solids. 
Duplicate estimations agreed within +3%. A weighed amount of the dried tissue was then 
transferred to a test tube and 1 ml. conc. HNO, added. After 24 hr digestion of the tissue at room 
temperature, a suitable volume of distilled water was added (10-20 ml.) and Na and K were 
estimated using a single-ended Zeiss flame photometer, an average of three measurements being 
taken. The results are expressed in m-equiv/100 g dry solids (DS). Duplicate estimations of 
tissue Na and K agreed within + 2%. 

In experiments with “Na, two procedures were used. In one, the slices were leached in physio- 
logical saline containing **Na (10-15 mo/l.). Samples of slices at the end of the leaching period 
were removed, washed in non-radioactive saline, blotted, weighed and dried, and then digested 
with 0-2 ml, conc. HNO, in a boiling water-bath for 5 min. The samples were then neutralized with 
conc. NH, (to prevent digestion of the aluminium measuring dishes) and diluted to 4-0 ml. for 
counting. In addition, the medium at 10 and 30 min of incubation was filtered, 0-1 ml. being then 
removed for counting. These two estimations provided a direct measure of the influx of Na during 
leaching and the rate of pumping out of Na during incubation. In the second procedure, the 
incubation medium contained 10-15 mc/l. of “Na, and the activity of the slices was measured at 
10 and 30 min of incubation in the above manner, thus providing a direct estimation of the influx 
of Na during incubation. At all times great care was taken to prevent radioactive contamination, 
by washing slices in non-radioactive solution on removal from the flasks to remove any activity 
adhering to the surface of the slice. All final samples were 0-1 ml., and were dried with an infra- 
red lamp after having been pipetted into Al dishes in order to minimize the degree of self-absorption. 
They were read with an end-window (mica) G—M tube and a decade counter, an average of three 
readings being taken. The specific activity of the initial crystalline “NaCl was measured at the 
outset with a quartz fibre electroscope, and this value is used in later calculations as SA,. Since 
total Na fluxes were required in later calculations, it was necessary to calculate the total amount 
of “Na either in the slices or in the medium, which was done as follows: 


(n/t. DTC — B),SAC.AbC. RefC . DecC. 
k.mg DS 


where n =the observed number of counts; t = the observation period; DT'C = the dead time correc- 
tion for the G-M tube at the observed frequency (empirically determined); B= background 
activity; SAC =experimentally determined self-absorption coefficient, determined by adding a 
known activity of “NaCl solution to blank tubes, and to tubes containing slices of known weight, 
and digested in the above manner with HNO,; AbC =the air and mica absorption coefficient, 
calculated from tables; RefC =the reflexion coefficient of beta particles from the Al dishes, experi- 
mentally determined at various emission intensities; DecC =the correction for radioactive 
decay; ¢=the dilution factor; and k =the geometrical efficiency, calculated as follows: 


N (10* counts/100 g DS/sec) = 


k=} [1 -1/J(1 
where d =the diameter of the mica window, and D =the distance from the tip of the anode of the 
G—M tube to the source, the latter being extrapolated to a point source. In the radioactive experi- 
ments, total analysis of Na, K and H,O content of the slices was carried out simultaneously, all 
experiments being carried out in duplicate (range of variation, +3%). 
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In experiments in which the medium was varied, the following combinations were used: 
leaching medium: 0-154 m-NaCl without K; incubating media: Krebs’s phosphate saline, in which 
the relationship of Na and K was varied so as to maintain a constant osmolarity, K conc. set at 0, 
6, 20 and 40 m-equiv/l. These latter combinations were used with normal kidney slices only. 


RESULTS 
Experimental controls for denervation 

Each animal was used as its own control, the left kidney being denervated 
and the right left intact. In order to justify such a procedure (in view of the 
objections of Page et al. 1954) the Na, K and water content of the left and right 
kidneys of a series of five unoperated animals were compared with each other, 
and with the entire group of unoperated right kidneys. In both instances the 
groups were statistically the same at all points of the curves. The averaged 
control data will be presented in the ensuing figures. Therefore, the experi- 
mental procedure appeared to be validly controlled. Absolute values of cations 
expressed on a dry-weight basis may be compared directly with statistical 
significance. Initial tissue water values expressed in the same way show more 
variation than cations. 


TaBiE 1. Resting vascular clearances in rabbits with bilateral renal denervation 


Inulin PAH 
clearance clearance 
Rabbit (ml./kg/min) (ml./kg/min) 

1 3-4 10-6 
2 3-8 11-2 
3 3-0 12-3 
4 3-2 10-4 
5 3-3 9-7 
6 3-3 10-3 


In all experimental approaches to peripheral denervation, changes in blood 
flow must be controlled. Smith, Rovenstine, Goldring, Chasis & Ranges (1939) 
and Rhoads, Van Slyke, Hiller & Alving (1934) have already shown that renal 
denervation in man and dog produces no change in resting renal haemo- 
dynamics. Rather than attempt the measurement of separate clearances in 
rabbits with unilaterally denervated kidneys, a series of six bilaterally de- 
nervated animals was prepared. Inulin and PAH clearances were then measured 
in an unanaesthetized state according to the method of Brod & Sirota (1949). 
The normal values in 2-4 kg rabbits by this method are: for inulin, 3—4 ml./kg/ 
min, for PAH, 10-15 ml./kg/min. Table 1 shows that bilateral denervation has 
not decreased these clearances to levels at which metabolic changes might be 
expected to occur. Thus it has been confirmed in the rabbit that denervation 
does not materially affect resting ‘vascular’ clearances, and it appears that 
subsequent results may be interpreted as due to direct effects on tubular cells, 
rather than to changes in renal blood flow. Possible effects of denervation on 
the lability of renal blood flow in rabbits were not investigated. 
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The effect of denervation and substrate on active transport 
of cations and water 
Figs. 1 and 2 show the changes in Na, K, Na+ K and water during leaching 
and incubation, in the absence of substrate in fifteen animals. All cation 
compositions are expressed as m-equiv/100 g DS, for it is only in this way that 
changes in cation content can be separated from simultaneous changes in 
tissue hydration. Cation contents expressed in terms of wet weight are difficult 
to interpret because of the significant movements of water that are encountered. 


H,O 
500 a 
Na+«K 
Na 450 100: 
| 400 9: H,0 
g 350 
250 60+ 
Fig. 1 Fig. 2 


Fig. 1. The effect of denervation on the content of Na and K in slices of kidney cortex. Solid 
lines, denervated slices; broken lines, normal controls. Ordinates, cation content in 
m-equiv/100g DS. I, initial slices; J to 7, 2 hr leaching at 0° C; Tyo, T'y9 refer to 10 and 
30 min of incubation. Distribution marks are +8s.n. No substrate present. 

Fig. 2. The effect of denervation on the content of water and Na + K in kidney slices. Symbols 
as in Fig. 1. 


The period of leaching, i.e. exposure of the slice to unoxygenated physiological 
saline at 0° C for 2 hr (I to 7,) is a sufficient stress to allow a significant 
accumulation of Na and loss of K by the slices, the Na flux being greater than 
the K flux. Thus the sum of Na+K (‘total base’) rises in the slice, in agree- 
ment with previous findings (Davies, 1954), but this cannot be explained by 


the movement of substrate into cells along with Na, for the rise in tissue base 
may occur without the presence of substrate. The effect of substrate is 
apparent after 10 min of incubation, when the rate at which Na is pumped 
back into the medium and K is re-aceumulated is significantly higher. The 
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data with substrate have not been included since the trend is the same. None 
of these values reach initial levels within 30 min of incubation. 

All presented data of the effects of denervation are from animals 14 days 
after operation. It is to be stressed that from 1 to 5 days after operation, 
animals show no significant differences between operated and control kidney. 
Differences appear at 1 week after denervation, and develop to significant 
levels by 2 weeks after denervation. At that point, it may be seen that 
leaching allows a greater influx of Na into the denervated slices, and that 
incubation is followed by a slower decrease in Na content. Differences, com- 
pared with controls, increase with time and are more significant without 
substrate. Although not so marked as the change in Na flux, the denervated 
slices lose more K in leaching, and re-accumulate it more slowly than normal. 
Again, substrate affects denervated slices in the same direction as normal 
slices, but differences are more marked without the presence of substrate. The 
curves for total base (Fig. 2) indicate that denervated slices have higher values 
of total base than normal at most points of the curve. 

As in the experience of Kaplan & Rapoport (1951) with the function of 
intact kidneys, little difference can be seen in resting tissue composition after 
denervation. Only a metabolic stress, such as cold, and prolonged examina- 
tion of recovery processes will reveal the changes brought about by de- 
nervation. Fig. 2 shows the water content of the slices in ml./100 g DS. It may 
be seen that water is accumulated by the slices simultaneously with Na, with 
little difference between denervated and control slices. On incubation, how- 
ever, there is a flux of water back to the medium, which is accelerated by 
substrate and is less in the denervated slices than in the normal, this difference 
having a P value of only 0-032 at 7,,. Once again, the differences between 
denervated and control slices are greatest without substrate. 


Studies with *Na 

The interpretation of the above curves must take into consideration: 
(1) that total composition of the slices represents the difference of fluxes of 
cations and water in opposite directions across the membrane, and therefore 
changes in total composition in a given period may approximate a dominant 
transport process, but certainly do not equal it, and (2) that we should, if 
possible, try to determine whether the effects of denervation involve passive 
transport, i.e. membrane resistance to diffusion of a charged ion according to 
the modified Arrhenius equation (Ussing, 1954): 


My _fo% 


M, 


where M=flux, f=activity coefficient, c=concentration, z= valence, E= 
potential difference across the membrane, and subscripts i and o refer to the 
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intracellular fluid and the medium respectively ; or whether the operation has 
modified an active process of ion transport. The experimental design assists 
towards such a differentiation, for during the leaching period, the temperature 
of 0° C may be presumed to inhibit any active biochemical process, so that 
Navy, — Na, should closely approximate passive penetration of Na into the cells. 
If this assumption is valid, then the curves suggest that denervation has 
lowered membrane diffusion resistance to Na, and perhaps to K as well, but 
the latter effect is not as striking as with Na. During the incubation period, 
however, both membrane diffusion resistance to inward flux of Na, and active 
transport of Na out of cells must be considered, so that while the curves 
suggest that denervation has also lowered the active transport of Na, a more 
thorough analysis of the problem is required. 

In order to attempt to differentiate active and passive transport processes, 
or inward and outward fluxes, as a function of denervation, the leaching 
period was carried out in “Na, so that M; ; ,. 7, could be analysed directly 
by estimation of slice activity, and M, 7, to 7,, or 7,, #nalysed directly by 
the activity of the incubating medium. 

The following calculations were used: 


directly determined calculated 

to N 7,| SA; to 7, = to 7, + Na;— Naz, 

M, T, to T= N7,,/5Ar, M; T, to Mo, 7, to + Nar,,— Nar, 
0,T, to T= N7,/5Ar, 4, To to Too = Mo, 7, to To + — 


where SA;=specific activity of the leaching solution, SA7,=N7,/Nay,. 
The equations do not include a correction for the extracellular volume of the 
slice, since in a thin slice with a relatively large area in contact with the 
medium, diffusion equilibrium is rapid, the cells are free to swell into the 
medium since there is no constricting capsule, and the extracellular correction 
may be presumed to be fairly constant. 

Table 2 shows the results of these determinations and calculations, fluxes 
being expressed either as cumulative or total flux (m-equiv/100 g DS) in a 
given time interval, or as a rate of flux (m-equiv/100 g DS/min) in the stated 
period, in two sample experiments. In the columns labelled M; (direct), M; 
for periods 7',, and 7, was directly determined by reversing the experiment, 
i.e. leaching in 0-154m-NaCl and incubating in Krebs’s phosphate saline con- 
taining “Na, with analysis of the slice activity. This is included as a check on 
the calculated values of M,, and the degree of correlation is surprisingly good, 
considering the highly derived nature of the calculated flux. 

At all periods, denervation is associated with an increased M,, or decreased 
membrane diffusion resistance to Na, and during incubation denervation 
appears to have brought about a decreased M,, or active ejection of Na from 
cells. M, declined between 7’, and T',, which suggests that 2 hr at 0° C may 
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have affected permeability per se. M, shows a sharp rise on transfer from 0 
to 25° C and from an air phase to an oxygen phase. This rise is out of the range 
of the effect of temperature on an electrochemical gradient alone, and probably 
represents active ejection of Na from tubular cells, which denervation appears 
to have inhibited. The fall in M,/t at Ty, is probably related to the fall of 
intracellular Na during the first 10 min of incubation. In an attempt to com- 
pare the M,/M, ratio thus derived with the theoretically calculated ratio from 
the Ussing equation, for the period J to T, (no active transport), the following 
assumptions were made: c,=Na/H,0, E=50-90 mV, and that f; could be 


Taste 2. Sodium fluxes into and out of kidney slices, using *Na as a marker 


I Denervated T, 4-70 — 462 7-02 _ 0-384 0-059 
2 705 0-620 0705 2-01 
9 595 28-67 0205 0298 0-956 


Control T, 3-24 — 8812 2-04 —_ 0-318 0-017 
89 #296 =22:14 0-289 0-296 2-21 
“93 1-37 335 0-097 0-069 1-12 


T,, 189 355 480 205 0855 0480 2-05 
266 357 507 28 O179 0254 0-96 


T,, 02 21 176 «6292 0-210 0-176 2:92 

T, 208 286 246 316 0143 0-123 1-05 
I and II refer to two separate animals, denervated and unoperated kidneys being shown. N is 
the total amount of “Na, in 10° counts/100 g DS/sec. M, calc. is the influx of Na (total, radio- 
active plus non-radioactive) in m-equiv/100 g DS in the stated time period when “Na was initially 
added only to the leaching medium. M, direct is the influx as measured when “Na was added to 
the incubating medium. M, is the efflux of Na (again total Na) in m-equiv/100 g DS in cumulative 
quantities, i.e. 7’, represents the entire efflux during 2 hr leaching, 7’,, is the total amount ejected 
per 100 g DS in 10 min of incubation, and 7’,, shows the total amount ejected in 30 min incubation 


(as opposed to the M, T';, figures which are calculated for the time interval between 7’,, and 7’,,). 


M,/t and M,/t are the flux figures corrected for time interval, and are in terms of m-equiv Na/100 g 
DS/min over the periods I to 7,, T, to Tyo, and 7',, to T'5,, each period being labelled only by the 
end-point (7'4, 7's9, 7's9)- M,/t calc. and M ,/t direct are derived from columns 2 and 3 respectively. 


taken from tables of coefficients of Na in inorganic solutions. With such 
assumptions, the theoretically derived ratio was only } to } of the directly 
calculated ratio, indicating that the actual values of c; and/or f, are probably 
lower than the assumed values, i.e. that all intracellular Na is not osmotically 


active, and/or that the activity coefficient of nyreneiwar Na may be lower 
than extracellular Na at any given level. - 


The effect of pituitary extract (ADH) in vitro 
In order to investigate further the degree of association or dissociation of 
induced Na and water fluxes, 20u. of ADH per slice were added at the start 
of incubation to some of both normal and denervated slices. The pituitary 
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extract used was the standard Czech pharmaceutical preparation (SPOFA), 
which was shown to be active in inhibiting water diuresis in human subjects 
before use. To increase further possible differences between denervated and 
normal slices, only 2-week post-operative animals were used, no substrate was 
added, and the animals were dehydrated 24 hr before the experiment. 

Fig. 3 shows the effect of ADH on Na and water content in normal slices. 
The changes produced by pituitary extract are greatest in normal slices, while 
denervation was associated with minimal effects. These changes are: a marked 
decrease in water content and a significant increase in Na content as compared 
with controls, i.e. a reciprocity of flux change. ADH did not change O, uptake. 


mi./100 g DS 


To 
Fig. 3. The effect of ADH on Na and water content of normal slices without substrate. Solid 


lines, Na; broken lines, water content. Open circles, with ADH; lines without circles, controls 
without ADH. Other symbols as in Fig. 1. 


Is water flux independent of Na? 

Although it may be calculated from the above figures that water does not 
move in a constant ratio to either Na flux, or total base in the slices, etc., it 
was considered best to try to answer the above question (similar to Robinson, 
1950) by stopping any flux of Na or K under conditions where water flux may 
be expected. If, after leaching, the slices are incubated in Krebs’s phosphate 
saline without any K, then (Fig. 4) Na in the slice remains constant (and 
abnormally high) as does K (abnormally low) during incubation. However, 
water concentration decreases in the first 10 min as usual, and deviates from 
normal by not declining to usual levels by Ty). 

In the same experiment, the concentration of K in the medium was adjusted 
at 0, 6, 20, and 40 m-equiv/l., to try to repeat the observations of Mudge 
(1951a) that K accumulation is directly related to K concn. in the medium. 
Fig. 5 confirms that this is so. The accumulation curves in the presence of K 
appear to be logarithmic in time, and at any given point in time (in the observed 
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period) accumulation is directly proportional to concentration in the medium. 
Contrary to Mudge’s observations, this relation is true over the entire range of 
concentrations used. 


K 
Na 
450 - 60 Kyo 
30+ 
mee 
H,0 
350 > 30; K, 
10+ 
300 15: 
To To Tro Tp Tre Typ 
Fig. 4 Fig. 5 


Fig. 4. The content of Na, K and water in kidney slices incubated in Krebs’s phosphate saline 
without K. Other symbols as in Fig. 1. 


Fig. 5. The uptake of K by normal kidney slices incubated in Krebs’s phosphate saline with K 
concentration set at 0, 6, 20 and 40 m-equiv/l. Other symbols as in Fig. 1. 


DISCUSSION 


The question of water transport still presents many controversial aspects. 
While it is evident that at least renal tubular cells actively transport water 
in an intact kidney by a process which is partly stimulated by ADH, the 
relationship of this to Na transport is in doubt. Robinson (1950), from slice 
experiments where Na transport was brought to a halt in an isosmotic Na-free 
medium, observed that ‘water transport’ continued (as indicated by the water 
content of the slices) and claimed that the two processes could be independent. 
This view has been opposed by Leaf (Biochem. J., in the press). In intact 
animals and humans, Nelson & Welt (1952) and Wesson & Anslow (1952) 
claim that changes of water transport in renal tubules produced by ADH are 
unaccompanied by any changes in Na excretion. Sawyer (1952) and Leaf, 
Bartter, Santos & Wrong (1953) show that ADH has reciprocal effects on 
water and Na excretion, and the latter claim that the effect of ADH on Na 
transport is dependent on a movement of water. 

In the present experiments, ADH has obviously increased the loss of allude 
water at the expense of the rate of pumping out of Na. Thus it appears that 
under the conditions of the present slice experiments, if either Na or water 
transport is accelerated to a marked degree, the other transport process may 
be impeded. This suggests a form of molecular competition, perhaps in the 
utilization of metabolic energy from a pool common to both processes. Since 
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these slices did not include medulla, and yet ADH showed a marked influence 
on cellular composition, it appears that the primary action of the hormone 
may not be limited to the collecting tubules, as suggested by Glimstedt (1948) 
and Smith (1951). 

The use of tissue slices cannot permit more than the crudest observation of 
the function of renal innervation. It has been shown in intact animals, for 
example (Cort, 1955), that nerve impulses in the renal plexus, produced as a 
function of blood volume expansion and contraction, can be associated with 
both increased and decreased reabsorption of Na. In the present experiments, 
therefore, the results of denervation will only be in terms of one small part of 
the possible trophic functions of renal innervation, since this technique 
demonstrates but one consistent effect. 

It is not intended here to go into any more extensive anatomical arguments 
than the following: (1) the existence of tubular innervation is accepted on the 
basis of Mitchell’s histological data (1954); (2) it is realized that it is quite 
difficult to sever all the nervous connexions of the kidney, but the existence 
of statistically significant post-operative changes without change in blood flow 
speaks for some functional nervous interruption; (3) histological examination 
of post-operative sections of the renal artery and vein revealed some adventitial 
fibrosis, no vessel stricture, and no sign of nerve fibres. Histological examina- 
tion of the kidney was not attempted, since the presence of ganglion cells 
within the kidney (De Muylder, 1952) would make a quantitative estimate of 
denervation difficult. 

The results of both total analysis of slice composition and the measurements 
of flux of “Na indicate that denervation has had two distinct effects: (1) it has 
reduced the membrane resistance to a passive influx of Na which occurs 
during both leaching (no active transport) and incubation, and (2) it appears 
to have reduced the ability of the tubular cells to extrude Na actively during 
incubation. The fact that Na flux was almost always greater than K flux, 
regardless of the presence of substrate, is consistent with primary active 
transport of Na as opposed to a possibly passive role for K movements. While 
denervated slices lose more K during leaching, and re-accumulate K more 
slowly during incubation than controls, this can either be a direct effect of 
denervation, or one secondary to changes in Na flux. The experiments in 
which the concentration K in the incubating medium was varied suggest that 
K accumulation during incubation may have been a diffusion process alone. 
Certainly, K efflux during leaching was a pure diffusion process. If this is 
true, then the effect of denervation was primarily on Na penetration and 
extrusion, K changes being secondary. This, of course, requires confirmation 
with “K. The fact that intracellular Na and K remained constant during 
incubation in a medium without K may of course indicate either a common 
carrier mechanism of transport, or that a Na pump cannot work against a 
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rising Coulomb gradient if no othercation is present to enter cells. This requires 
further analysis. 

Considering the large number of errors which may have been involved in 
the calculation of N, this technique of using radioactive isotopes has been 
used here only to establish a qualitative effect, and no great reliance is placed 
on the exactness of the quantities derived. 

In considering the effects of denervation on the movement of cations and 
water in the present experiments, the following points must be juxtaposed. 
(1) The changes, although significant, are not large, nor does any particular re- 
action proceed in other than a normal direction across the cell membrane. 
(2) 1-2 weeks after denervation are required for the differences to become 
manifest. (3) Under experimental conditions, the tissue composition is 
initially the same in denervated and normal slices, and differences only appear 
after a metabolic ‘stress’ has considerably altered the cell. The differences 
after denervation become more evident at the end of the incubation period, 
rather than immediately. (4) ADH accelerates water transport, presumably 
increasing the drain on metabolic energy in doing so. The effect of this on both 
water and Na extrusion is less in the denervated slices than in controls. 
(5) The changes are more marked in the absence of substrate. 

Points (1), (2) and (3) agree well with published data on chronic renal 
denervation (Kaplan & Rapoport, 1951): the changes are quantitative rather 
than qualitative, they take some while to develop, and can best be seen under 
conditions of metabolic stress when the denervated tissue has been made to 
expend metabolic energy. It suggests that the trophic nervous effect influences 
the rate of utilization of available intracellular energy for transport reactions, 
e.g. through influencing enzyme systems controlling the formation of high 
energy bonds. The magnitude of the effect of denervation would suggest that 
any functional nervous control of renal tubular cells is of the nature of a fine 
adjustment, as opposed to the more dramatic effects of adrenal steroids. 

Since denervation (along with Hg [Cort & Kleinzeller, 1956, in preparation; 
Mudge, 19516] and other metabolic inhibitors) appears to have limited a given 
transport process which leads to accumulation in tubular cells, and since the 
normal flux of Na and water through tubular cells is from the tubular urine 
to the peritubular capillaries, it would appear that the independent ejections 
of water and Na occur at the basal membrane, rather than the tubular mem- 
brane, of the tubular cell (in close proximity to the tubular cell mitochondria). 
If this is so, it comes into conflict with the concept of an ion-exchange 
mechanism involving Na, K and H (and activated by adrenal steroids) which 
Berliner et al. (1951) have proposed for the tubular membrane of the tubular 
cell, for it would mean that Na and H were ejected in opposite directions from 
opposite sides of the tubular r sell. | 
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SUMMARY 


1. Studies have been made of the effect of denervation on the transport 
of cations and water in slices of kidney cortex which were first leached for 
2 hr in 0-154m-NaCl at 0° C, and then incubated for 30 min at 25° C. The left 
kidney of each animal was denervated, the right being left as control. 

2. By two weeks after operation: 

(a) More Na and water entered tubular cells during leaching in the dener- 
vated than the control slices. 

(6) K left the denervated cells to a greater degree than normal during 
leaching. © 

(c) During incubation, denervation was associated with a slower fall of Na 
and water content of the slice, with a slower re-accumulation of K. 

3. An attempt was made to differentiate between inward and outward 
fluxes during both leaching and incubation by using “Na either in the leaching 
or the incubation media. These measurements and calculations indicate that: 

(a) Denervation lowers the diffusion resistance of the membrane to passive 
penetration by Na. 

(6) Denervation is associated with a decrease of the rate of active transport 
of Na out of ceils during incubation. 

4. The addition of pituitary extract to the incubation medium accelerated 
the loss of water, and inhibited the extrusion of Na from tubular cells. This 
effect was much less on denervated than on normal slices. 

5. Ifthe concentration of K in the incubating medium was varied from 0 to 
40 m-equiv/l., it was observed that: 

(a) Without the presence of K, the Na and K content of the slices during 
incubation remained constant, but water continued to be lost from cells. 

(6) The accumulation of K by the slice at external concentrations of 6, 
20 and 40 m-equiv/l. shows an exponential time relationship, with a linear 
relationship between concentration and accumulation at any given point in 
time, suggesting that K accumulation is a diffusion process. 
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The sense of smell is soon blunted ; the perfume of a spray of honeysuckle can 
be powerful and enchanting at the first sniff, but as endeavour is made by 
repeated sniffs to prolong the enchantment, the smell becomes progressively 
weaker and less and less satisfying. As a measure of compensation, unpleasant 
odours also become less and less noticeable. 

Adaptation is a characteristic of our sensory equipment, and if a stimulus 
for any one of the senses is kept constant the level of sensation wanes. Adapta- 
tion can ensue rapidly, often measurably in a fraction of a second and noticeably 
in a few seconds, and recovery from adaptation may be fast or slow according 


as the initial stimulus was weak or strong (Adrian, 1928). When adaptation is — 


severe, olfactory ‘fatigue’ supervenes and it becomes impossible to smell a 
smell clearly and sometimes impossible to smell it at all for a time. Recovery 
from such fatigue is usually fairly rapid, unless exposure is habitual as it may 
be with some process workers. It is unlikely that olfactory fatigue is due to 
peripheral adaptation. Smell differs from the other senses in that it is dis- 
continuous, there being a rest period between successive inspirations and in 
this rest time the nerves may recover from their refractory state. Olfactory 
fatigue is more likely to be due to adaptation of some more deep-seated part 
of the nervous system than the receptors and the fibres leading from them. 


Adaptation as a basis of odour classification 

That a smell rapidly reduces the sensitivity of the nose for that particular 
smell is incontestable, but the effect of smelling one smell on the sensitivity 
for other smells is less well understood. A person who is completely fatigued 
to hexamethylene diamine which has a putrescent ammoniacal smell so that he 
can no longer smell it at all will instantly smell methylamine which has a fishy 
ammoniacal smell, and just as easily he will be able to smell countless other 
smells, If sweet peas are smelt until the odour is apparently weak and then 
a rose is held to the nose, the rose scent is instantly perceived. But sweet pea 
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and rose smells are quite different and if the two successive smells are fairly 
similar adaptation might be expected to ensue. 

It has been accepted since the days of Zwaardemaker (1895) that the first 
smell may cause some measure of adaptation so that the second smell will be less 
keenly perceived. This belief was used as a basis for classifying odours by 
Zwaardemaker (1895), it being one of the main justifications for his classi- 
fication that any two odours from the same class would cause marked fatigue 
for each other, whereas two odours from two different classes would cause no 
fatigue, or only very little, for each other. Gamble (1896), reviewing the 
results of his contemporaries, wrote: ‘a subject whose organ is fatigued by the 
continuous smelling of tincture of iodine can sense ethereal oils and ethers 
almost or quite as well as ever, oils of lemon, turpentine and cloves but faintly, 
and common alcohol not at all’. The same idea still persists, and Cheesman & 
Mayne (1953) have described work on olfactory adaptation which had the 
ultimate aim of classifying the odorants on a basis of the adaptation they 
mutually induce. Just how the adaptation that a pair of smells will induce for 
each other varies with the likeness of the two smells appears hitherto not to 
have been defined. 


Adaptation as a means of identifying fundamental odours 

It has long been thought possible that all odours are built up from a small 
number of fundamental odours. If this were so, and if two different smells 
had one of these fundamental odours in common, it might be thought that 
each would exert a high degree of adaptation for the other. So far, however, 
no one has been able to point to a single one of the supposed fundamental 
odours and perhaps it is more likely that there may be a small number of 
types of receptors, and that similarity of patterns of stimulation of these may 
give rise to similarity of smell. Each smell may well be unique, but there are 
grounds for believing that many different smells may stimulate some of the 
same receptors. Evidence has been presented (Moncrieff, 1955) that the 
primary smell stimulus is the adsorption of odorant molecules on the olfactory 
epithelium, and also (Moncrieff, 1954) that a process of selective adsorption 
could account well for differences and similarities in odour quality. Adsorp- 
tion is a process that is well known to be selective, but it is not so selective that 
one adsorbent will pick up only one chemical entity; rather will it adsorb 
a large number of chemicals, but some very much better than others. Two 
odorants whose molecules were adsorbed in fairly similar, but not identical, 
patterns would have smells that were much alike and might well produce 
olfactory adaptation, each one for the other; but it is legitimate to inquire if 
the degree of adaptation would ever approach closely to that which one 
odorant will induce for itself. But if fundamental odours do exist then the 
common possession of one of them might be expected to give rise to severe 
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adaptation even in a pair of unlike smells. If, however, each smell has an 
elementary individuality then severe adaptation would be expected only when 
the patterns of adsorption are similar and that is when the smells are similar; 


severe adaptation would never be encountered with a pair of smells not 
noticeably alike. 

One purpose of the experiments that have been made was to find what degree 
of similarity of smell was necessary to induce marked adaptation, and whether 
for unlike substances the degree of adaptation could be comparable with that 
produced by one odorant for itself. It was hoped that the results would throw 
light on the usefulness of classifying odours by adaptation, on the existence or 
otherwise of fundamental odours, and perhaps on the mechanism whereby 
olfactory adaptation comes about. 


METHODS 
The odorant substances chosen for test were of two kinds: 

(a) Odorants with quite dissimilar smells, namely: acetone, isopropanol, n-butanol, diacetone 
alcohol, cellosolve (monoethyl ether of ethylene glycol), and methanol. All the fifteen possible 
pairs of these were investigated. 

(6) Pairs of odorants with similar smells, namely: n-butanol and sec-butanol; n-propanol and 
tsopropanol; cellosolve and benzylamine; amyl acetate and butyl acetate; benzaldehyde and 
nitrobenzene; a-ionone and f-ionone. 

It was necessary to make solutions of a range of concentrations, and the diluent employed was 
always distilled water except when the odorant was insoluble in water; for amyl acetate, butyl 
acetate, benzaldehyde, nitrobenzene and the ionones, the diluent used was propylene glycol 
(propane 1,2-diol). All dilute solutions were made up fresh twice each day from stock solutions. 

The method was designed to yield for each pair of odorants a determination of: (a) the threshold 
concentration of each of the components of each pair after first having smelt water; (b) the thres- 
hold concentration of each component of the pair after self-adaptation; (c) the threshold con- 
centration of each component of the pair after having first smelt the other. These determinations 
enable the enhancement of the threshold value of an odorant A by first smelling another odorant B 
to be determined and also the threshold enhancement of B by prior smelling of A. If there is 
considerable enhancement then one odorant causes adaptation for the other; if there is no enhance- 
ment or very little of threshold concentration, then there is correspondingly no, or very little, 
adaptation. 

Observations were made somewhat on the lines described by Cheesman & Mayne (1953) by 
direct smelling of 20 ml. odorant in a wide-neck 200 ml. bottle. The subject sat on a stool near 
a slightly open window with eyes closed; the neck of a bottle containing water was just touched 
to the angle between his upper lip and his nose and the subject, as he felt the touch of the bottle, 
inspired once, deliberately but not especially deeply, whilst the bottle was held there. The bottle 
was removed and the subject breathed out; another bottle containing a dilute aqueous solution 
(for threshold determination) of one of the odorants was touched under his nose, and he inspired 
again. This time he said ‘ yes’ or ‘no’ according as he could, or could not, smell the odorant ; *doubt- 
ful’ responses were allowed but were not encouraged. Requests by the subject to have the test again 
were allowed only if the presentation of the test bottles had been faulty, for example, touched to 
the wrong place on the subject's nose or out of phase with his breathing; they were not allowed 
on the sole ground of indecision. If the odorant used was insoluble in water, then a solution in 
propylene glycol was used for the second sniff and pure propylene glycol, instead of water, for the 
first sniff. This series of tests gave the information necessary to find the threshold concentration of 
each odorant after first ‘smelling’ odourless water or nearly odourless propylene glycol. 
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In the next series of tests the first bottle offered contained not the diluent (water or propylene 
glycol) but an undiluted odorant, and the second bottle, as before, contained a dilute solution of 
odorant. For purposes of homogeneous adaptation the odorant in the solution was the same as 
had been used pure in the first sniff; for example, the first sniff would be of pure acetone, the 
second of a dilute solution of acetone in water with the aim of finding the threshold concentration 
of acetone after prior smelling of acetone, i.e. adaptation with itself. In the third series of experi- 
ments the second bottle contained a solution of an odorant B different from the pure odorant A 
which had been used in the first sniff, and this method was designed to determine the threshold 
concentration of B after A. : 

Three subjects made tests; they were: R.W.M., male 52 years; 8.L., female 17 years; S.T., 
female 17 years; and all three were known from previous work to have a reasonably uniform and 
normal sense of smell. Slight differences were known to exist; for example, R.W.M. was more 
sensitive to mercaptans and less sensitive to pyridine than the other two observers and during the 
trials described in this paper other slight differences emerged, but they were only slight. After 
every four tests the subject was rested for several minutes, usually by subject and tester exchanging 
their roles. In those tests involving the use of methanol it was found better to rest the subject for 
a few minutes after every single test. This was not , as indicated by the reproducibility 
of results, with any of the other odorants used. 

After a few pilot trials to obtain a rough idea ofthe threshold concentration of an odorant, 
@ series of dilutions was prepared, some of them stronger and some weaker than the expected 
threshold concentration. Usually about six or eight such dilutions were prepared and they were 
offered to the subject to smell (a) after the previous inspiration had been of water, if the normal 
threshold concentration was being determined, or (6) after one of the undiluted odorants if the 
threshold concentration after adaptation was being determined. Each dilution was offered five 
times in random order and a bottle containing only water was also offered five times; this was 
a reliability check, and if the subject did not give at least four ‘no’s’ out of the possible five for 
water his results were scrapped, he was given a period of training to distinguish the dilute solutions 
he was smelling from water and he was then re-tested. If the odorant was dissolved not in water 
but in propylene glycol, then pure propylene glycol, instead of water, was offered as the reliability 
check. Because interspersed in the test dilutions offered to the subject there were always tests of 
the diluent alone, the subject never knew whether the test solution he was smelling (with eyes 
closed) contained or did not contain any odorant, or whether it was likely to be a strong or a weak 
solution. These precautions had the effect of making the subject treat each sniff or smell on its own 
merits and so give an objective response. A professional pride developed among the observers of 
keeping a clean nil score on the diluent alone and additionally of smelling to a low threshold and 
this induced them to give their undivided attention to each test. About 2 months’ practice was 
necessary before a satisfactory technique was developed. Thereafter the experiments described in 
this paper were spread over a period of 8 months and so time-consuming did we find this sort of 
work, that they took a large slice of our working day throughout this period. 


RESULTS 


Scoring was done on the basis of 1 point for a ‘yes’ response (subject could 
smell the test dilution offered), 4 point for a ‘doubtful’, and nil for a ‘no’ 
response. The concentration, which is called PR,,, at which at least 50% of 
the possible positive responses is scored is ascertained and is taken as the 
threshold value. 

The primary observations for acetone after adaptation with water, acetone, 
and isopropanol and for isopropanol adapted with water, isopropanol and 
acetone are given in full in Tables 1 and 2. These exemplify the method of 


Pees 


4 } 
| ce 
va 
Col 
(a 
use 
in 


OLFACTORY ADAPTATION 305 


treating the results and show the spread of the results for each observer. The 
spread of the results was much the same when other pairs of odorants were 
smelt. The degree of agreement between the observers can more easily be seen 
from Table 3 in which the PR,, concentrations for each individual and for the 


group are shown. There is generally quite good agreement between the three 
observers. 


TaBLE 1. Responses to dilute aqueous solutions of acetone after adaptation with water, 


adapting test solution Responses to second sniff of subject 
(100%) (%) S.L. S.T. 
0-10 


tli 
wt ++ 


Acetone 


isoPropanol 0-12 


++ 
t+ 


check) 


When the study was extended to include n-butanol, diacetone alcohol, 
cellosolve and methanol, the experimental results that were obtained were as 
shown in Table 4. Group values are shown; they differed from individual 
values no more than those in Table 3. For convenience of comparison absolute 
concentrations are not given, but instead the value of threshold concentration 
(adapted)/threshold concentration (unadapted). All the six odorants so far 
used have quite different smells; no two could be said to resemble each other 
in smell. It was at this stage that there were introduced into the investigation 
pairs of odorants that had smells as similar as possible. 
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Tasz 2. Responses to dilute aqueous solutions of isopropanol after adaptation with 


water, isopropanol and acetone 


Percentage 

Responses to second sniff of subject positive 

A responses 
R.W.M. 8.L. 8.T. of group 
+ + I 73 
90 
+e 4+ 77 
----- ---7% - 3 
100 
e- + 73 


2nd sniff 
test PR, concentration (%) on 2nd sniff for 

substance A 
in dilution | R.W.M. 8.L. 8.T. Group 
Acetone 0-03 0-03 0-03 0-03 
Acetone 6-0 5-0. 5-0 5-0 
Acetone 0-06 0-06 0-10. 0-06 
isoPropanol 0-07 0-07 0-10 0-07 
isoPropanol 2-0 1-4 2-0 2-0 
is0Propanol 0-30 0-26 0-30 0-30 


TaBLe 4. Comparison of the effect of adaptation with homogeneous and heterogeneous pairs 
(Data for homogeneous pairs are shown in heavy type.) 


Threshold (times normal unada 


threshold), after having previously 


smelt adapting odorant, for test solution of 


A. 


Acetone isoPropanol n-Butanol 


306 
2nd sniff 
ist sniff conen. of 
adapting test solution 
: substance of isopropanol 
(100%) (%) 
Water 0-20 
0-10 
0-07 
0-05 
0 (water 
reliability 
check) 
isoPropanol 2-3 
2-0 
1-7 
1-4 
1-2 
0 (water 
3 reliability 
check) 
Acetone 0-40 
0-30 
| 0-26 
0-23 
0-20 
0 (water 
reliability 
check) 
: Tasie 3. Comparison of different observers’ adaptation results with acetone and isopropanol 
4 Ist sniff 
adapting 
substance 
3 (undiluted) Be 
Water 
Acetone cel 
4 1s0Propanol of 
Water 
isoPropanol 
Acetone 
| adapting Diacetone Py 
: Absolute thres- (0-03) (0-07) (0-005) (0-01) (0-02) (0-2) 
hold conen. (%) 
| Acetone 170 4 12 10 5 3-5 
; 1soPropanol 2 29 20 3 4 2-5 
| n-Butanol 7 1-5 200 10 3 35 
| Diacetone alcohol 3-5 4 8 100 4 1-5 Be 
Cellosolve 6-5 3 4 10 30 5 
; Methanol 6-5 3 2 6 2:5 10 the 
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Tests with pairs having similar smells 
The six pairs of odorants with similar smells were: 
(a) n-Butanol and sec-butanol; their structural formulae are: 


CH,CH,CH,CH,OH 


n-Butanol sec-Butanol 


The smell of n-butanol is like fusel oil, bitter, burnt and very persistent; that of 
sec-butanol is similar but astringent and not so ‘round’ and is slightly remini- 
scent occasionally of diethyl ether. Water was used as the diluent. 

(b) n-Propanol and tsopropanol; their structural formulae are: 


CH,CH,CH,OH 


n-Propanol tsoPropanol 
The smell of ssopropanol is the better known of the two; it is mainly spirituous, 
is reminiscent of thyme and slightly earthy; that of n-propanol lacks the 
suggestion of thyme and is sweeter and rather more like ethanol than is the 
smell of isopropanol. Nevertheless, the two smells are very similar. Water was 
used as the diluent. 
(c) Cellosolve and benzylamine; their structural formulae are: 


CH,0C,H, 
bron 
Cellosolve Benzylamine 
Both have smells that are fishy and bitter and they are fairly similar; that of 
cellosolve is the more intense and is more bloomy and sweeter, whereas that 
of benzylamine is sharper and a little spicy. Water was used as the diluent. 
(d) Amyl acetate and butyl acetate; their structural formulae are: 
CH,CH,CH,CH,CH,OCOCH, CH,CH,CH,CH,OCOCH, 
Amy] acetate Butyl acetate 
Their smells are both of ‘ pear drops’ and are so similar that practised smellers 
did not find it easy to distinguish between them. Amy] acetate has the more 
persistent smell, and butyl acetate has a slightly sharper higher note. Pro- 
pylene glycol, which has only a negligible smell, was used as the diluent. 
(e) Benzaldehyde and nitrobenzene; their structural formulae are: 


Benzaldehyde Nitrobenzene 


Both smell of almonds. The author had no difficulty in distinguishing between 
them by a process of association, by keeping in mind that benzaldehyde was 
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nutty and that nitrobenzene was reminiscent of a students’ organic chemistry 
laboratory. Two technicians who were hitherto unfamiliar with nitrobenzene 
had some difficulty at first in distinguishing between the two, and the smells are 
really very similar. Propylene glycol was used as the diluent. 

(f) «-Ionone and B-ionone; their structural formulae are: 


CH, 
b.cH, CH, 
«-Lonone B-Ionone 


Both smell of violets, and except to a trained perfumer their smells are very 
similar. That of the «-isomer is a little lighter and sweeter and the f-isomer is 
slightly woody. The odours of both are persistent. A good deal of difficulty was 
experienced at first in separating the faint woody odour of very dilute solu- 
tions of B-ionone from the slightly woody odour of the propylene glycol. 
This diluent, smelt alone, seemed to be nearly odourless and it was only whilst 
we were using the ionones that its own odour became troublesome. The trouble 
was overcome by practising to gain experience; this practice continued for 
about 2 hr on each of 4 successive days. 

The experimental results obtained with the six pairs of similar odorants 
were as shown in Table 5. 

DISCUSSION 


Examination of the results in Tables 1 and 2 shows that there is a progressive 
increase in the percentage of positive responses to test odours as their con- 
centration is increased; generally the rate of increase is fairly uniform. 
Occasional anomalies are to be seen as, for example, in Table 1 where 0-03% 
acetone has a higher score than 0-04°% , both after water has been ‘smelt’ first ; 
such discrepancies occur only between concentrations that are close together 
and they are relatively rare. 


Agreement between individuals 

It can be seen from Table 3 that there is good agreement between the three 
observers; in no case is the threshold value for one observer so much as double 
that for another observer. The agreement between the individuals is not so 
good in the data in Table 5 which relates to pairs of substances with very 
similar odours; the differences between observers are greater when the odorants 
are very similar than when they are different. The maximum differences to be 
found between any two of the observers is represented by a factor of 10 times, 
and when it is remembered that these smell tests with very similar odorants 


2 
th 
co 
tic 
| ch 


OLFACTORY ADAPTATION 


309 


probably represent as severe a test as could be devised, it is the over-all 
uniformity between the observers’ results, rather than the differences between 
them, which seems to be remarkable. That a nearly similar smell does cause 
confusion in the detection, one breath later, of another smell is a clear indica- 
tion that there are not exclusive receptor systems for each and every odorous 
chemical entity; similar smells of different chemicals clearly share at least 


a part of the olfactory apparatus. 
TaBLEe 5, Responses to test odorants after adaptation with a very similar smell 
PRy concentration of test 
ist sniff odorant for 
ing odorant 2nd sniff -- A _ 
(undiluted) test odorant R.W.M.  S.L. 8.T. Group 
Water n-Butanol (in water) 0-005 0-01 0-005 0-005 
n-Butanol n-Butanol (in water) 1-0 1-4 0-8 10 
sec- Butanol n-Butanol (in water) 0-06 0-03 0-03 0-06 
Water sec-Butanol (in water) 0-005 
n-Butanol sec-Butanol (in water) 0-03 0-05 0-03 0-03 
sec- Butanol sec-Butanol (in water) 0-2 0-2 0-4 0-2 
Water n-Propanol (in water) 0-1 0-2 0-1 0-2 
n-Propanol n-Propanol (in water) 0-7 0-7 1-0 0-7 
isoPropanol n-Propanol (in water) 0-7 0-2 0-3 0-5 
Water tsoPropanol (in water) 0-07 0-07 0-1 0-07 
n-Propanol tsoPropanol (in water) 0-2 0-4 0-3 0-2 
isoPropanol isoPropanol (in water) 2-0 1-7 2-0 2-0 
Water Cellosolve (in water) 0-04 0-04 0-02 0-02 
Cellosolve Cellosolve (in water) 0-6 0-6 0-6 0-6 
Benzylamine Cellosolve (in water) 0-05 0-05 0-05 0-05 
Water Benzylamine (in water) 0-5 0-3 0-2 0-3 
Cellosolve Benzylamine (in water) 0-5 0-7 0-5 0-5 
Benzylamine Benzylamine (in water) 0-5 0-7 0-2 0-5 
Propylene gl Amy] acetate (in propylene glycol) 0002 4«€=6©60-002_(0-002—s—«éi-02 
iti Amy] acetate (in propylene glycol) 0-5 0-5 0-05 0-3 
Butyl acetate Amy] acetate (in propylene glycol) 0-3 0-3 0-1 0-3 
Pe (osx glycol Butyl acetate (in propylene glycol) 0-03 0-03 0-03 0-03 
yl acetate Butyl acetate (in propylene glycol) 0-3 0-5 0-5 0-4 
Butyl acetate Butyl acetate (in propylene glycol) 0-5 0-5 0-7 0-5 
Propylene glycol Benzaldehyde (in propylene glycol) 0-03 0-05 0-05 0-05 
Benzaldeh - Benzaldehyde (in propylene glycol) 0-5 0-7 0-5 0-5 
Nitrobenzene Benzaldehyde (in propylene glyeo!) 0-05 0-1 0-2 0-1 
Propylene glycol Nitrobenzene (in propylene glycol) 0-05 0-05 0-1 0-05 
Benzaldeh Nitrobenzene (in propylene glycol) 0-4 10 0-3 0-4 
Nitrobenzene Nitrobenzene (in propylene glycol) 0-4 0-4 1-0 0-5 
Propylene glycol a-Ionone (in propylene glycol) 0-05 0-05 0-01 0-05 
a-Ionone «-Ionone (in glycol) 1-0 2-0 15 1-5 
— a-Ionone (in propylene glycol) 0-3 0-7 0-3 0-3 
pylene glycol -Ionone (in propylene glycol) 0-3 0-3 0-1 0-3 
«-lonone B-Ionone (in propylene glycol) 0-7 1-0 15 10 
B-lonone B-Ionone (in propylene glycul) 0-5 1-0 15 1-0 


Homogeneous and heterogeneous adaptation 

The data in Table 3 indicate that hormogeneous adaptation is much more 
powerful than heterogeneous. Whereas the threshold concentration for acetone 
is only doubled by a previous sniff of pure isopropanol, it is raised some 170 
times by a previous sniff of acetone; although the threshold concentration of 
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isopropanol is raised some 4 times by previously smelling acetone, it is raised 
nearly 30 times by adaptation with isopropanol itself. The figures are of the 
same kind for each of the three observers. More lighWon this tendency for 
self-adaptation to be much more powerful than heterogeneous adaptation is 
shed by Table 4. For five of the six odorants the threshold concentration is 
enhanced much more by self-adaptation than by adaptation with any of the 
other odorants. The sixth odorant, methanol, is exceptional; whereas the 
threshold concentration after self-adaptation is 10 times the normal threshold, 
it is 35 times the normal threshold after adaptation with n-butanol. 

Consideration of the data in Table 4 shows that self-adaptation has more 
influence than heterogeneous adaptation on the threshold concentration in 
thirty-five pairs out of thirty-six considered and has less influence once. 
Methanol, which is concerned in the exceptional instance, had a weaker smell 
than the other odorants, and it was for this reason that it was introduced into 
the investigation. Early results with several different odorants all showed that 
self-adaptation caused a much greater rise in the threshold concentration than 
did heterogeneous adaptation, but it seemed unlikely that such a relationship 
would hold for pairs consisting of one weak and one strong odorant. Evidently 
it does not. But wherever the two components of a pair are of somewhat 
similar strength, then self-adaptation raises the threshold concentration 
several times more, and sometimes 50 times more, than does adaptation with 
a different odorant. These findings made it all the more interesting to see what 
would happen when the two components of a pair had very similar odours. 
In such a case would heterogeneous adaptation have as great or nearly as 
great an effect as self-adaptation? The first pair (Table 5), n-butanol and sec- 
butanol, behave as if their likeness is of little account ; whereas self-adaptation 
of n-butanol raises the threshold concentration some 200 times, adaptation 
with sec-butanol raises the threshold concentration of n-butanol by only 
12 times; similarly, self-adaptation of sec-butanol raises its threshold by 
40 times, whereas adaptation with n-butanol raises it only 6 times. But the 
results are very different for the next pair, n-propanol and isopropanol. Self- 
adaptation of »-propanol raises its threshold concentration by 3-5 times but 
adaptation with isopropanol raises it nearly as much, 2-5 times; whereas self- 
adaptation of isopropanol raises its threshold concentration nearly 30 times, 
adaptation with n-propanol raises it only 3 times. 

It may seem odd that of a pair A and B, adaptation with A may have a 
much greater effect on the threshold concentration of B, than adaptation with 
B has on that of A. This oddness is not confined to the propanols; for example, 
adaptation with benzaldehyde raises the threshold of nitrobenzene 4 times as 
much as adaptation with nitrobenzene raises the threshold of benzaldehyde. 
It can be interpreted readily on the basis that the primary stimulus consists 
of adsorption of the odorant molecules on the olfactory membrane. The 
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spatial patterns of adsorption will be much the same, but not exactly the same, 
for A and for B. If A, for example, is adsorbed on 90%, of the receptor sites 
that B is, and is additionally adsorbed on a number of sites that B is not 
adsorbed on at all, and this number is equal to 50% of the total number of 
sites on which B is adsorbed, then A will exert much more adaptation for B, 
than B for A.) Adaptation with A excites (say) 140 receptors, and then when 
B takes its place only 10 of the 100 receptors it is adsorbed on have not just 
been activated; but when adaptation is made with B first and then A takes its 
place, some 50 new receptors come into play, so that the adaptation is less 
severe. 

Table 5 includes adaptation data for twelve pairs of similar odorants 
(counting AB as different from BA) and of these twelve pairs, nine show 
heterogeneous adaptation to be lower than self-adaptation, and the other three 
show it to be about the same. 

These results show that it is quite possible to secure a high degree of adapta- 
tion for one substance with another which is a separate chemical entity, but 
they also show that the degree of similarity of smell has to be high, and that in 
fact it is only when two substances have smells so similar that it is possible to 
confuse them, that a very high degree of heterogeneous adaptation can take 
place. 

Coefficient of odour likeness 

The results of adaptation tests, similar to those described, enable a numerical 
assessment to be made of the likeness of two smells. The basis of this assess- 
ment is that two perfectly like odours would cause equal adaptation for each 
other, they would enhance the threshold concentration each for the other by 
the same number of times. In assessing the likeness of A and B account must 
be taken both of the adaptation caused by A on the threshold concentration 
of B and of that caused by B on the threshold concentration of A. If for two 
substances A and B 


COA is the threshold concentration of A without previous adaptation (or 
with only water or another inodorous liquid), 

COB is the similar threshold concentration of B, 

CAA is the threshold concentration of A after adaptation with itself, 

CBB is the similar self-adaptation threshold concentration of B, 

CBA is the threshold concentration of A after adaptation with B, 

CAB is the threshold concentration of B after adaptation with A, 


then the threshold enhancement of A caused by self-adaptation is “AA/°OA 
and that for B is °BB/°OB. The threshold enhancement of A caused by B is 
CBA/°OA and that for B caused by A is °AB/°OB. The more closely these 
last two adaptation factors approach to the first two self-adaptation factors 
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the greater will be the likeness of the odours of A and B. We can, therefore, 
take the product of these two ratios, and then to regain the correct dimensions 
take the square root and so express the likeness, L, as 


BA/°OA 
’ 


BA.CAB\* 
CBB) 


so that L 


For n-propanol and isopropanol we can substitute in this expression 


( 5.0 


b= 30 
The pair of substances that were found to be closest in smell, viz. amyl and 
butyl acetates, have an ‘L’ value of 0-89. The corresponding coefficients of 
likeness for the other pairs of substances used in this investigation have been 
similarly derived and are shown in Table 6. 


TaB_e 6. Coefficients of likeness of certain pairs of smells 


Threshold concentration 
(%) for 
A, after B, after 
adaptation adaptation Coefficient 
with with _ of Characteristics 
A B A CAB\t 
Smell A Smell B (CAA) (©BA) (CAB) (CBB) \°AA CBB A B 
n-Butanol sec- Butanol 1-0 006 003 02 0-09 01409 12329 
n-Propanol isoPro 0-7 0-5 0-2 2-0 0-27 00016 00115 
Cellosolve Benz i 0-6 0-05 05 0-5 0-29 10123 21122 
Amyl acetate Butylacetate 0-3 0-3 0-4 0-5 0-89 65578 76678 
Benzaldehyde Nitrobenzene 0-5 a | 0-4 0-5: 0-40 02716 02724 
a-Lonone B-Ionone 1-5 0-3 10 1-0 0-45 11227 11224 
Acetone is0oPro 5-0 0-06 03 2-0 0-04 43789 00115 
Acetone n-Butanol 5-0 0-2 006 10 0-05 43789 01409 
Acetone i 5-0 0-1 0-1 1-0 0-04 43789 00217 
alcohol 
Acetone Cellosolve 5-0 0-2 0-1 0-6 0-08 43789 10123 
Acetone Methanol 5-0 0-2 0-7 2-0 0-12 43789 12434 
isoPropanol -Butanol 2-0 0-1 0-1 1-0 0-07 00115 01409 
4s0Propanol 2-0 0-3 0-038 10 0-07 00115 00217 
co 
isoPropanol Cellosolve 2-0 0-2 0-08 0-6 0-12 00115 10123 
isoPropanol Methanol 2-0 0-2 0-5 2-0 0-16 00115 12434 
n-Butanol a 1-0 0-04 O01 10 0-06 01409 00217 
coho 
n-Butanol Cellosolve 1-0 002 006 06 0-04 01409 10123 
n-Butanol 10 001 70 2-0 0-19 01409 12434 
i Cellosolve 1-0 0-1 008 0-6 0-1 00217 10123 
alcohol 
— Methanol 1-0 0-06 03 2-0 0-09 O0O217 12434 

Cellosolve Methanol 0-6 005 10 2-0 0-20 10123 12434 
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Four threshold concentrations must be determined in order to estimate the 
coefficient of likeness of a pair of substances; it is not necessary to measure 
their individual threshold concentrations without adaptation. 

Examination of Table 6 shows that the coefficients of likeness for five of the 
first six pairs, which were originally chosen because they had very similar 
smells, are a great deal higher than those for any of the other fifteen pairs. The: 
one pair, amyl and butyl acetates, that are almost indistinguishable have an 
outstandingly high likeness coefficient of 0-89, the two ionones which are very 
close olfactorily have a coefficient of likeness of 0-45, and nitrobenzene and 
benzaldehyde, well known to have similar smells, have a coefficient of 0-40. 
Next come the two propanols and cellosolve and benzylamine, both pairs 
having coefficients approaching 0-3 and not really sufficiently alike to be con- 
fused. The low likeness coefficient of n- and sec-butanols was unexpected ; their 
smells are not so dissimilar, one would think, as to warrant a coefficient as low 
as 0-09. All the other twenty pairs have yielded coefficients of likeness which 
are fairly in line with organoleptic appraisal. 


Comparison of odour likeness values derived by two methods 

The coefficients of likeness of pairs of odours determined by their cross- and. 
self-adaptation can be compared with the odour characteristics of the same 
odorants determined by their behaviour towards adsorbents as described in an 
earlier paper (Moncrieff, 1954). This method enabled a number, or rather 
a group of digits, to be assigned to an odorant to represent its adsorption 
behaviour; for example, the number 0 1 4 0 9 for n-butanol indicated that it 
was adsorbed very rapidly (0) by active carbon, nearly as rapidly (1) by silica 
gel, relatively slowly (4) by activated alumina, very rapidly (0) by fuller’s 
earth and hardly at all (9) by vegetable fat. The lower the number, the faster 
the rate of adsorption. The adsorption characteristics of some of the odorants 
that had been used in the adaptation experiments were known; the others 
had to be determined. For example, «-ionone was known from earlier work to 
have the characteristics 11227 and those of f-ionone were found to be 
11224. The only significant difference is in the behaviour of the two isomers 
towards fat; towards carbon, silica gel, alumina and fuller’s earth they behave 
one like the other. (When this paper was submitted for publication it was 
pointed out to me that the data in it show a fairly strong correlation between 
the threshold enhancement due to self-adaptation and the index for the degree 
of adsorption by fat.) Two substances with unlike odours have quite different 
characteristics, e.g. acetone 4 3 7 89 and benzaldehyde 2 7 1 6, but benzalde- 
hyde is not very different from nitrobenzene, 0 27 2 4, to which it has a close 
olfactory resemblance. How do such resemblances compare with the co- 
efficients of likeness already found for twenty-one pairs of odorants? The com- 
parison is to be seen in Table 6, which discloses some examples of interesting 
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degrees of correspondence. Thus of the six pairs which were picked as having 
similar odours (top six in the table) four pairs have very similar adsorption 
characteristics, namely, (1) the propanols, (2) amyl and butyl acetates, 
(3) benzaldehyde and nitrobenzene, and (4) the ionones. Furthermore, these 
four have high coefficients of likeness. The fifth pair, cellosolve and benzylamine, 


-have similar although not quite so similar adsorption characteristics and have 


a high coefficient of likeness. From the twenty-one pairs of odorants in 
Table 6 those five pairs that have the highest coefficients of likeness have also 
the most similar odour characteristics as measured by adsorption. 

Thus two methods of assessing odour likeness depending on (1) olfactory 
adaptation, and (2) times of adsorption on different adsorbents, both pick out 
the same five pairs from twenty-one pairs. The nose, i.e. direct smelling, did 
almost exactly the same thing in picking out six pairs which included these 
five; the nose also picked out n-butanol and sec-butanol. The otherwise good 
correspondence of the three methods, (1) direct smelling, (2) adaptation, 
(3) adsorption, in picking out the pairs of smells that are alike not only suggests 
that methods (2) and (3) of determining likeness are both sound, but also 
supplies confirmatory evidence for the view that adsorption is the primary 
olfactory stimulus and that selectivity of adsorption is the basis of quality 
discrimination of smells. 


Mechanism of olfactory adaptation 

There is considerable evidence from earlier work that olfactory fatigue is not 
entirely peripheral, but is mainly or perhaps wholly central in origin. Thus, 
Zwaardemaker knew that unilateral stimulation could cause bilateral fatigue, 
and came to the conclusion that ‘olfactory fatigue has to be considered as 
a synaptic phenomenon’ (Noyons, 1931). Elsberg (1935), who pointed out 
that there was anatomical evidence from Luciani & Seppilli (1886) and from 
Cajal (1909) that cells on either side of the nose were connected to both sides 
of the olfactory lobe of the brain, concluded from his own experiments that 
‘the structures concerned in fatigue of the sense of smell are in the brain itself, 
and in the parts of the brain that have to do with the perception and the 
memory of olfactory impressions’. 

Adrian (1950) has suggested from observations on lightly anaesthetized 
rabbits that the olfactory bulb is in a constant state of electrical activity, that 
olfactory perception is due to the electrical signals from the receptors dis- 
organizing the intrinsic electrical activity of the bulb; ‘ultimately, however, 
the intrinsic activity builds up again...swamping the transmission of the 
olfactory signals’. Significantly ‘there is no sign of failure of the receptors 
under repeated stimulation at each breath’, and furthermore under deep 
anaesthesia the intrinsic activity of the bulb is entirely suppressed and the 
olfactory stimuli give persistent electrical discharges in the bulb at each 


sow & 


ef 


SI 
u 
4 Cc 
T 
f 
I 
a 
] 
d 
8} 
a 


OLFACTORY ADAPTATION 315 


breath, without adaptation for as long as an hour. Adrian (1953) has found 
that there is specificity of sensitivity in the mitral cells to which groups of 
olfactory receptors are connected; one will be much more sensitive than its 
neighbours to acetone, another to amy] acetate and so on. 

If the view is accepted that normally there is constant electrical activity in 
the olfactory nervous system, and that perception of odour depends on dis- 
turbance of the normal activity by the reception of impulses from the receptors 
and that adaptation is due to the normal activity adjusting itself to the new 
conditions and regaining control, then it follows that self-adaptation should 
be severe. So, in our experiments we found it to be. The other finding that 
different chemical entities with extremely similar smells could cause a degree 
of adaptation approaching self-adaptation shows that parts of the olfactory 
apparatus that they use have much that is common, and makes it unlikely 
that there are parts of it that are so specific in their sensitivity that they react 
to only one chemical entity. The finding that there is a not inconsiderable 
degree of adaptation exerted by one substance such as isopropanol for another 
such as cellosolve with a quite dissimilar smell suggests that there is a pro- 
portion, if only a small proportion, of the olfactory apparatus which is used 
by all smells; although the smells that we used were very diverse we found no 
pair that did not exert some adaptation one for the other. 


SUMMARY 


1. Experiments on olfactory adaptation have been made, to investigate the 
effect of likeness of pairs of smells on their mutual adaptation effects. 

2. Self-adaptation, i.e. using the same odorant for adaptation and for test 
smells, is as a rule very much greater than heterogeneous adaptation, i.e. 
using one odorant for adaptation and another for test smells. 

3. The relative slightness of the degree of adaptation found in most pairs 
of unlike odorants makes the classification of smells into a small number of 
groups appear impossible, although adaptation might provide a means of 
classifying them into a very large number (probably of thousands) of classes. 
The same finding makes it very unlikely that there is a small number of 
fundamental smells, although it does not exclude the possibility that there 
may be a small number of types of olfactory receptors. 

4. Only when two odorants have very similar smells do they mutually cause 
a high degree of adaptation. 

5. The adaptation caused by A (of a pair of odorants A and B) for B may be 
different from that caused by B for A. 

6. If two different chemical entities, e.g. amyl and butyl acetates, do have 
smells which are so similar that they are easy to confuse, then the degree of 
adaptation one for the other will approach that of self-adaptation of either. 


q 
t 
5 
a 


i 
7 
a 
4 
. 
d 
* 


316 R. W. MONCRIEFF 


7. From a knowledge of the cross-adaptation and self-adaptation of a pair 
of odorants, a property defined as ‘coefficient of likeness’ can be derived. 
For two smells exactly the same, the coefficient of likeness would be unity; 
for amyl and butyl acetates it is 0-89, for «- and B-ionones it is 0-45 and for 
benzaldehyde and nitrobenzene it is 0-40. For those pairs of smells investigated 
that were not noticeably alike the coefficient of likeness varies from 0-04 to 
0-20. 

8. The likeness of a pair of smells determined by this adaptation method 
agrees well with the likeness determined by comparison of adsorption 
characteristics. | 

9. This agreement supplies further evidence that the primary olfactory 
stimulus is a process of adsorption and that quality discrimination of smells 
depends on selectivity of adsorption of odorants on the olfactory receptors. 

10. The finding that different chemical entities with almost indistinguishable 
smells exert a high degree of mutual adaptation has a bearing on contem- 
porary ideas of olfactory stimulation. 


The work described has been carried out with funds provided by Airkem Inc., New York. 
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OF SOME ELECTROLYTES FROM THE GASTRIC 
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Bathing the gastric mucosa with a solution containing 5 m-equiv of sodium 
fluoride/l. has been shown to reduce the gastric secretion of hydrochloric acid 
in response to histamine or gastrin in cats (Bowie, Darlow & Murray, 1953). 
The experiments to be described in this paper were made to study the influence 
of intragastric instillations of fluoride on the outputs of chloride, sodium 
and potassium by the gastric mucosa. Comparative studies of the outputs of 
electrolytes by the gastric mucosa under the influence of other inhibitors of 
enzymes were made to give insight into the effect of the fluoride on gastric 
secretion. 


METHODS 


The experiments were made on seventeen cate anaesthetized with 4 ml./kg. body weight of a solu- 
tion containing 1 g chlordlose and 5 g urethane/100 ml. given intravenously after induction with 
ether. Swallowing, which disturbed the experiment in some instances, was abolished by giving an 
extra 5 or 10 ml. of the anaesthetic solution. Alternatively, a few ml. of 5% procaine run into the 
pharynx was effective in abolishing swallowing. After tracheotomy, 50 mg of mepyramine maleate 
were injected intramuscularly to minimize the vascular effects of the large dose of histamine which 
was used to stimulate gastric secretion. The pylorus was occluded by a ligature and a rubber tube 
passed into the stomach. After closing the abdomen a continuous intravenous injection of 0-045 mg 
histamine acid phosphate/kg body weight/min in 1 ml. of warm saline (0-9 g NaCl/100 ml.) was 
given. This is ten times the dose used by Bowie et al. (1953) and, in contrast to their findings, a 
satisfactory rate of secretion was obtained in all the cats used. The rate of injection was about twice 
the rate of gastric secretion. Although some experiments lasted as long as 6 hr, no animals died, 
which shows how effective was the mepyramine maleate in protecting the cats against the vascular 
effects of histamine. To measure the effect of fluoride and other agents on gastric secretion 20, 25 or 
50 ml. of various solutions were run into the stomach at regular intervals, and after 10, 15 or 
30 min respectively the fluid was aspirated and a new portion introduced. In the early experi- 
ments the blood pressure was recorded, but since gastric secretion continued when the blood 
pressure fell to 40 mm Hg, in the later experiments the blood pressure was not studied. The early 
experiments were usually ended because of blood staining of the gastric contents which probably 
occurred because-heparin was given to prevent clotting in the cannula used for recording blood 
pressure. Other experiments were ended because of fluid leaking up the oesophagus. 
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Acid in the aspirates was titrated to pH 7-0 or to pH 5-4 which gives a more satisfactory 
correspondence between total anions and total cations (Gudiksen, 1950). Chloride was titrated 
electrometrically (Ihre, 1938). Sodium and potassium were determined by means of a flame photo- 
meter with an external standard. In the majority of experiments there was close agreement 
between determined anions and cations: any imbalance can possibly be attributed mainly to the 
presence of mucus and carbon dioxide in the aspirates. 
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Fig. 1. The influence of sodium fluoride on the amounts of electrolytes aspirated from 
stomach of a cat stimulated by a continuous intravenous injection of histamine. 


RESULTS 
The influence of sodium fluoride on the output of electrolytes 
Typical experimental results which show the amounts of ions aspirated from 
the stomach stimulated by histamine before and after treatment with fluoride 
are given in Fig. 1. Corrections in all the data have been made for any sodium 
ions instilled into the stomach. It may be seen that after instilling the solution 
of sodium fluoride (5 m-equiv/l.), the measured output of acid fell to a greater 
extent than that of chloride. It is clear therefore that some cation must have 
replaced the hydrogen ion in maintaining electrical equilibrium. Fig. 1 shows 
that the cation deficit is quantitatively accounted for by an increase in the out- 
put of sodium. As the output of acid declined after the instillation of sodium 
fluoride, so did the output of potassium, which was small relative to the 
outputs of acid and chloride. During the later part of the experiment the 
outputs of acid and chloride rose and the output of sodium fell correspondingly. 
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The date given in Fig. 1 were confirmed by those of seven similar experi- 
ments. In order to summarize these results a comparison was made between 
the amount of each particular ion aspirated per collection period immediately 
before the instillation of fluoride and the minimum amount aspirated which 
was reached within an hour of the removal of the fluoride. It showed that the 
amounts of acid obtained fell by a mean of 70% (s.z. of mean +8-5); the 
amounts of potassium fell by a mean of 52% (s.z. of mean +10) and the 
amounts of chloride obtained fell by a mean of 48% (s.z. of mean +4-5), In 
each experiment the amounts of sodium aspirated increased by several 
hundred per cent. The effect of the fluoride was reversible in that the amounts 
of acid and chloride aspirated increased and the amounts of sodium decreased 
in the four experiments which continued for more than 90 min after the instilla- 
tion of the fluoride. The amounts of potassium obtained fell and rose again 
in a manner more or less corresponding to the aspirates of chloride, although 
the amounts of potassium were very much smaller than the amounts of 
chloride. 

These experiments were not designed to determine the volume of the gastric 
secretion, which was small relative to the volume instilled. However, it was 
found that the volume recovered from the stomach tended to fall after the 
instillation of fluoride. This was best seen when water absorption was mini- 
mized by instilling 11% sucrose, which is iso-osmotic with plasma. In these 
circumstances the water absorption, which is known to occur in cats (Sleeth & 
van Liere, 1937) and in dogs where it has been shown to be influenced by the 
osmotic gradient (Bandes, Hollander & Glickstein, 1940), was presumably 
negligible. 


The influence of sodium fluoride on the fate of acid instilled into 
the unstimulated stomach 

It is usual to think of the output of hydrogen ion by the gastric mucosa as 
being linked to the output of chloride ion, but in the present experiments the 
output of chloride fell less than the output of acid. This raises three possi- 
bilities: the secreted hydrogen ion may have been neutralized; it may have 
exchanged across the gastric mucosa with some other cation; or some other 
cation may have been secreted in place of hydrogen ion. The finding of increased 
outputs of sodium after instillations of fluoride could be explained by any of 
these possibilities, but the work of Bowie et al. (1953), who noted an alkaline 
mucoid fluid in the stomach after instillations of higher concentrations of 
fluoride than we were using, shows that neutralization is a possible explana- 
tion. If it were correct to regard our results in this light we should expect 
solutions of acid introduced into the stomach to be similarly neutralized after 
the instillation of fluoride solutions. Fig. 2 shows the results of an experiment 
in which 50 ml, portions of hydrochloric acid solution (50 m-equiv/L, a 


21 PHYSIO. CXXXIII 


a 
‘ 
x 


320 AUDREY M. BOND AND J. N. HUNT 


concentration which is about the maximal reached in the stomach in the experi- 
ments reported here), were instilled into the unstimulated stomach every 
30 min. It may be seen that after the instillation of the fluoride less acid but 
more sodium was aspirated from the stomach, whereas the output of potassium 
was small and almost constant. This experiment was repeated and similar 
results were obtained. Thus it appeared that instillations of fluoride were 
followed by a loss of instilled hydrogen ions, which might be accounted for by 
supposing that they had been neutralized by a secretion of sodium ions and 
bicarbonate ions. Since the aspirated output of sodium by the gastric mucosa 
was much greater than the secreted output of chloride the sodium could not 
have been secreted by the parietal cells in place of hydrogen ion. 


Fig. 2. The influence of sodium fluoride on the movement of ions across the unstimulated gastric 
mucosa of a cat. 50 ml. HCl (50 m-equiv/l.) instilled every 30 min. 


The influence of sodium fluoride on the fate of acid instilled into the 
stimulated stomach 

The relevance of the two experiments in which acid was instilled might be 
questioned on the grounds that the instillations were not made into a secreting 
stomach. To test the validity of this objection a similar experiment was made 
in a cat given a continuous intravenous injection of histamine. The results are 
given in Fig. 3. In the period 14-2 hr the rate of aspiration of hydrogen ion 
was 1-5 m-equiv/} hr. Half an hour after the instillation of 2-5 m-equiv HCl in 
50 ml. 3-1 m-equiv of hydrogen ion were aspirated, so that apparently the rate 
of secretion had fallen from 1-5 to 0-6 m-equiv/} hr whilst the instilled acid was 
in the stomach. There was no corresponding increase in the output of sodium. 
An instillation of fluoride solution had the usual inhibitory effect on the secre- 
tion of hydrochloric acid. While this effect was prominent an instillation of 
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2:5 m-equiv HCl in 50 ml. was again made, but the recovery of hydrogen ion 
at the end of the period 4-4} hr was only 1-6 m-equiv instead of the expected 
2-9 m-equiv. Thus the loss of acid was greater than could be accounted for on 
the basis of complete suppression of secretion of acid. The discrepancy between 
chloride recovered and the sum of chloride instilled plus chloride expected to 
be secreted was of the same order as the corresponding discrepancy for acid. 


3 


& 8 
Volume of recovery (mi.) 
50 ml. 11% sucrose solution instilled every } hour 


Fig. 3. The influence of sodium fluoride on the passage of ions across the gastric mucosa 
stimulated by a continuous intravenous injection of histamine. 


Since there is no possibility of chloride disappearing by neutralization there 
must either have been a greater suppression of secretion of chloride than of acid, 
which seems unlikely (see Fig. 4), or chloride must have passed from the sto- 
mach across the mucosa. Whatever is the correct interpretation of these find- 
ings, it is clear that events in the secreting stomach are not as simply analysed 
as they are in the unstimulated stomach (Fig. 2). 


The influence of instilled acid on the secretion of acid by 
: the stumulated stomach 
It may be seen from Fig. 3 that the instillation of acid into a secreting sto- 
mach seems to reduce gastric secretion, since the failure to recover the acid 
instilled plus that expected to be secreted cannot be explained by the secretion 
of sodium bicarbonate, as might have occurred in the experiments of Figs. 1 
and 2. | 
In order to interpret the data presented in Fig. 3 it was desirable to know 
whether instilling acid under our conditions did inhibit secretion, in a stomach 
21-2 
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untreated with fluoride but stimulated by a continuous intravenous injection 
of histamine. Fig. 4 shows the results of such an experiment, instillations of 
50 ml. of water being alternated with those of 50 ml. of hydrochloric acid 


solution (50 m-equiv/l.). The rate of secretion of acid and chloride during the 


instillations of water was stable from period to period; but when the acid was 
instilled the recovery of instilled acid plus secreted acid was about 1-5 m-equiv 
less than would be expected had the rate of secretion remained constant. The 
outputs of potassium and sodium remained low throughout the experiment 
and were not significantly changed by the instillation of acid. The chloride 


i * influence of instilled acid on the amounts of ions aspirated from the stomach 
stimulated by a continuous injection of histamine. 


aspirated was also less than was to be expected had the rate of secretion re- 
mained unchanged. A repetition of this experiment gave similar results. It is 
interesting that this large reduction in the output of‘acid, about 1-5 m-equiv/ 
} hr, occurred without any increase in the output of sodium. Usually when the 
secretion of acid and chloride falls there is a corresponding fall in the output of 
potassium, but in the experiment of Fig. 4 and in another similar experiment 
the output of potassium was not reduced during the period after instillations of 
acid. The implications of this point will be considered later. 


The influence of sodium fluoride on the efflux of *4Na from the stomach 
Another possibility suggested by the finding of a fall in the output of acid 
greater than the fall in the output of chloride (shown in Fig. 1) after instilla- 
tions of fluoride may be drawn from an idea put forward by Bowie et al. (1953). 
They suggested that the effect of fluoride on the parietal cell was to create an 
‘ altered permeability of the cell membrane to hydrogen ions. In this event 
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sodium might be supposed to enter the gastric cavity as a result of an ion- 
exchange with hydrogen ion. This would be in accord with Teorell’s diffusion 
hypothesis (Teorell, 1933), which one school of thought believes to be respon- 
sible for the major portion of the variation in the concentration of ions in the 
gastric secretion (Heinz & Obrink, 1954). 

It is difficult to design an experiment to decide whether hydrogen ion is 
neutralized in the stomach by bicarbonate or is lost from the stomach by a 
process of ion-exchange with sodium. It seems useless to determine the 
efflux of tritium or deuterium from the stomach after instilling fluoride, because 


Hours 

Fig. 5. The influence of sodium fluoride upon the efflux of “Na from the stomachs of two cats. 
In both experiments the gastric contents were 25 ml. of a solution containing 50 m-equiv 
HCi/l. and 100 m-equiv NaCi/l. At the arrow sufficient fluoride was introduced to give 
10 m-equiv NaF/l. in Expt. A and 20 m-equiv/l. in Expt. B. The counts for Expt. A have been 
multiplied by 10 before plotting on the ordinate. 


these markers might be lost not only by movement in their ionic state but as 
water after neutralization by incoming bicarbonate. If the hydrogen ions 
were lost by a process of ion-exchange through a membrane damaged by 
fluoride, it might be expected that such a membrane would allow efflux as well 
as influx of sodium across the gastric mucosa. On the other hand, if the 
sodium entered the stomach as a result of secretion, either as sodium bicarbo- 
nate or as sodium chloride, it would seem probable that a corresponding in- 
crease in the efflux of sodium from the stomach would not occur. Thus, if there 
were no increase in the efflux of sodium from the stomach after instillations of 
fluoride, the hypothesis of exchange of hydrogen ions for sodium ions would 
appear to be less likely than some hypothesis involving secretion of sodium. 
Fig. 5 shows the results of two experiments in which after *Na had been 
instilled into the stomach, serial blood samples were taken. The early part of 
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both experiments confirm the finding of Reitemeier, Code & Orvis (1955) 
that the gastric mucosa is relatively impermeable to sodium. As judged from 
counts of the blood, after the fluoride was instilled to give a concentration of 
20 m-equiv/l. the rate of efflux of “Na from the stomach increased about 40- 
fold. The total amount of sodium leaving the stomach was of the order of 
0-2 m-equiv/hr. The maximum rate of loss of instilled hydrogen ions has been 
about 2 m-equiv/hr. Although this rate is ten times greater than the estimated 
efflux of sodium from the stomach the gradient for the diffusion of sodium into 
the stomach is much greater than that used for measuring the efflux of sodium 
from the stomach. In addition, the efflux of hydrogen ions, if it occurs, must 
be supposed to increase the influx of sodium into the stomach. 


Amounts of ions aspirated 


Mee The influence of intragastric instillation of mersaly] on-the-movement of electrolytes 
across the gastric mucosa stimulated with histamine. 


This demonstration of the increased efflux of sodium from the stomach after 
bathing the gastric mucosa with fluoride does not provide positive support for 
the hypothesis of ion-exchange through the gastric mucosa, but it shows that a 
change in permeability for effluxing sodium does occur so that the requisite 
change in permeability for influxing sodium is reasonable. 


The influence of instillation of mersalyl on the gastric output of electrolytes 

Several substances other than fluoride have been described as inhibiting 
secretion of acid by the gastric mucosa, and it seemed probable that the 
reversible effects produced by fluoride could be obtained with other agents 
which are inhibitors of enzymes. The results of an experiment carried out to 
test this hypothesis are shown in Fig. 6. Secretion was stimulated with hista- 
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mine with the usual blocking of side effects with mepyramine maleate. After 
instilling a solution of mersalyl, the output of hydrogen ion and chloride ion 
fell, whilst the output of sodium rose. At this point an instillation of 2-5 m- 
equiv HCl in 50 ml. was made but only 1-5 m-equiv of hydrogen ion were 
recovered half an hour later. The recovery of chloride was 2:7 m-equiv, which 
is considerably less than the 4 m-equiv which would have been expected, bear- 
ing in mind the rate of secretion of chloride before and after the instillation of 
acid: but the output of sodium was not increased by the instillation of acid. 
The gastric mucosa was now bathed with a suspension of dimercaprol, 
British anti-Lewisite, which is a recognized antidote for mersalyl. The 
rate of secretion of hydrogen ion and chloride ion rose while the output of 
sodium fell. At this point a further 2-5 m-equiv HCl in 50 ml. were instilled 
and 2-9 m-equiv of hydrogen ion were recovered after 4 hr. This experiment 
clearly shows that under the influence of mersalyl the output of sodium ion by 
the mucosa rises as the output of hydrogen ion falls, a change which is similar 
to that produced by gastric instillations of fluoride. 


The influence of acetazolamide on the properties of the gastric mucosa 

On the other hand, all inhibitors of enzymes which reduce the output of acid 
by the stomach do not work in the same way as fluoride and mersalyl. Fig. 7 
shows that an intravenous injection of 160 mg/kg body weight of acetazolamide 
did not reduce the recoveries of acid instilled into the unstimulated stomach. 
Fig. 8 shows that this dose was sufficient in another cat to reduce considerably 
a secretion of acid stimulated by histamine, with a correspondingly marked 
fall in the output of chloride and only a small increase in the output of sodium. 


DISCUSSION 


It has been known for some years that the application of fluoride reduces the 
amount of acid which may be aspirated from a secreting stomach, The results 
of the foregoing experiments show that this effect is not due entirely to the 
inhibition of secretion of hydrochloric acid, because the fall in the output of 
hydrogen ion is accompanied by an increased output of sodium. When the 
unstimulated gastric mucosa is exposed to fluoride there is a fall in the recovery 
of hydrogen ion that has been instilled into the stomach, with a corresponding 
rise in the recovery of sodium. The result of instilling acid into the secreting 
stomach treated with fluoride is slightly different in that it does not augment 
the output of sodium. This might indicate either that the transfer of sodium 
has a limit, or that the instilled acid does not gain access to the site of exchange 
or neutralization, or more likely that the instillation of acid inhibits the secre- 
tion of acid so reducing the amount available for exchange. 

Experiments in which the inhibitor of carbonic anhydrase, acetazolamide, 
was employed instead of fluoride gave evidence of inhibition of parietal 
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Fig. 7. The influence of an intravenous injection of 160 mg acetazolamide/kg body weight upon 
the permeability of the unstimulated gastric mucosa to instilled hydrochloric acid. 2-5 m- 
equiv HCl in 50 ml. 11% sucrose were instilled every 4 br. 


Aspirated ions (m-equiv/30 min) 


Fig. 8. The influence of an intravenous injection of 160 mg acetazolamide/kg body weight on the 
output of electrolytes by the stomach in a cat given a continuous intravenous injection of 
histamine. Instillations were 50 ml. of 11% sucrose solution. 
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secretion relatively uncomplicated by other factors. The secretion of hydrogen 
ion and chloride ion from the stimulated stomach was much reduced by 
acetazolamide with only a small increase in the output of sodium, but hydro- 
chloric acid put into the unstimulated stomach treated with acetazolamide 
was recovered almost in full. 

Mersalyl, an mhibitor of enzymes which presumably acts by combining with 
sulph-hydryl groups, has similar effects to fluoride on the gastric mucosa. The 
effects of mersalyl can be reversed by the application of British anti-Lewisite; 
the effects of an application of fluoride are much reduced within an hour of the 
fluoride being washed out. 

It is inferred that an inhibitor such as fluoride either stimulates secretion of 
NaHCO,, thus removing hydrogen ions by neutralization, or causes the secre- 
tion of sodium instead of hydrogen, or so alters the permeability of the gastric 
mucosa to certain cations that hydrogen ions leak back into the blood and 
sodium ions pass into the gastric cavity. We have not designed any critical 
experiment to decide between these three explanations but the possibility of 
an increased ion-exchange is enhanced by the evidence provided by the use of 
*4Na. The increase in the rate of efflux of sodium ion instilled into the stomach 
after exposure of the gastric mucosa to fluoride shows an altered permeability 
to this cation, which might explain the entry of sodium ions under the condi- 
tions of the prévious experiments. — 

The results of Figs. 3 and 4 taken together weigh against the hypothesis of 
secretion of sodium instead of acid by the parietal cells. 

The effect of the inhibitor of carbonic anhydrase was to reduce the recoveries 
of hydrogen ion and chloride by approximately the same amount. Fluoride and 
mersalyl, on the other hand, reduced the recovery of hydrogen ion to a much 
greater degree than the recovery of chloride. Whether this differential effect 
may be explained as a leakage of both hydrogen ion and chloride ion or as 
partial inhibition of secretion of hydrochloric acid, together with partial 
exchange of hydrogen ion for sodium ion, remains unestablished. Since we 
have never recovered less chloride than was put into the stomach, whether in 
the secreting or non-secreting state, we cannot claim to have shown that any 
leakage of chloride ion that may occur normally (Teorell, 1933) is accentuated 
by fluoride. 

It is well known that a rough parallelism is generally observed between 
recoveries of hydrochloric acid and of potassium. If part of the reduction 
in the recovery of hydrogen ion after the application of fluoride, or mersalyl, 
is ascribed to an inhibition of secretion, the corresponding decrease in the 
recovery of potassium ion suggests that the secretion of potassium is intimately 
connected with the secretion of acid. Alternatively, the secretion of potassium 
may be unaffected, and the fall in the recovery of potassium which occurs may 
be due to potassium ion leaving the gastric cavity in company with hydrogen 
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ion in exchange for sodium ion. The exchange of potassium for sodium across 
the membrane of rabbit’s erythrocytes is affected by fluoride (Davson, 1941). 
Potassium recovery is reduced, however, during the inhibition of parietal 
secretion by acetazolamide, where there is no reason to suspect increased 
permeability. Hollander (1952) reported that an injection of acetazolamide 
reduced the recovery of potassium from dogs’ stomachs to a low, steady value 
during stimulation by histamine. 

In this connexion it is interesting that the recoveries of hydrogen ion and 
chloride from the secreting stomach after acid instillation were not as large as 
might be expected, judging from the previous and subsequent rate of secre- 
tion. The recovery of chloride was reduced by about the same amount as the 
recovery of hydrogen ion, but there was no fall in the recovery of potassium 
or rise in that of sodium. It seems more probable that there was a loss of acid 
through the mucosa rather than inhibition of secretion by instilled acid. It has 
been stated by Wilhelmj, Neigus & Hill (1933) that the presence of instilled 
hydrochloric acid in the stomach did not affect secretion of hydrochloric acid 
induced by histamine, but their results were obtained under substantially 
different experimental! conditions. 

The experiments reported here clearly indicate that a fall in the recovery of 
hydrogen ion from a stimulated gastric mucosa on exposure to an inhibitor of 
enzymes is not necessarily the result of inhibition of secretion. This finding 
complicates the interpretation of quantitative studies of the metabolism of the 
secreting gastric mucosa. 


SUMMARY 


1, After instillation of 0-005n-NaF into the anaesthetized cat’s stomach 
secreting in response to histamine, a reduction of the outputs of chloride, 
potassium and particularly in hydrogen ion was observed. The output of 
sodium rose. The effects were reversible on removal of the fluoride. 

2. Hydrogen ions were lost from a solution of hydrochloric acid instilled 
after the unstimulated gastric mucosa had been treated with fluoride, with a 
corresponding rise in the output of sodium equivalent to the amount of 
hydrogen ion lost. Chloride instilled was recovered in full. 

3. The instillation of hydrochloric acid into the stomach stimulated with 
histamine was followed by equivalent reductions in the recoveries of hydrogen 
ion and chloride, but the aspirates of sodium and potassium were unaltered. 

4. Fluoride altered the permeability of the gastric mucosa. The rate of 
efflux of “Na from the gastric cavity was increased 40-fold when the mucosa 
was exposed to fluoride. 

5. An intragastric instillation of mersalyl evoked the same changes in 
electrolyte output as an application of fluoride. Those effects were reversed by 
an application of British anti-Lewisite. 
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6. Different results followed an injection of acetazulamide. The output of 
hydrogen ion fell by about the same amount as the output of chloride. There 
was a reduction in the output of potassium. Only a small rise in sodium output 
occurred. 


We wish to thank Mr J. D. Pearson of the Guy's Radioisotope Unit for assistance with the use 
of *Na, Mr M. Langham and Lederle Laboratories for gifts of acetazolamide and the Worshipful 
Society of Apothecaries for the award of the Gillson Scholarship to J. N. H. out of which part of 
the expenses of this work were defrayed. 
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THE EFFECT OF ANTICHOLINESTERASES INJECTED INTO 
THE SUPRAOPTIC NUCLEI OF CHLORALOSED DOGS ON THE 
RELEASE OF THE OXYTOCIC FACTOR OF THE 
POSTERIOR PITUITARY 


By V. C. ABRAHAMS anp MARY PICKFORD 
From the Department of Physiology, University of Edinburgh 
(Recewed 27 February 1956) 


In a paper by Duke, Pickford & Watt (1950) experiments are described in 
which diisopropylfluorophosphate (DFP) injected amongst the supraoptic 
nerve cells of dogs gave rise, after an immediate and profound inhibition of 
the rate of urine flow, to a temporary diabetes insipidus lasting from 4 to 19 
days, and then an inability lasting 89-139 days to respond by antidiuresis to 
an intravenous injection of acetylcholine. Thereafter there was an apparently 
complete return to normality. From these observations, and some earlier 
ones (Pickford, 1947), it was concluded that acetylcholine was the transmitter 
at the supraoptic neurones. Since antidiuretic hormone (ADH) always seems 
to be released in company with the oxytocic factor of the posterior lobe of the 
pituitary it seemed probable that the oxytocic factor, too, depends for its 
liberation on a similar cholinergically transmitted stimulus. 

In the experiments described in this paper eserine and DFP were injected 
amongst the supraoptic neurones of anaesthetized dogs and the effect on 
uterine movements noted. The results showed that spontaneous uterine activity 
increased following the injection of these two drugs into the supraoptic nuclei, 
but that it was unaffected by the injection at the same site of small volumes of 
0-9°% NaCl solution. 

METHODS 


The first stage of the experiments was to give each animal four doses of 0-5 mg stilboestrol dipro- 
prionate in oil (British Drug Houses) subcutaneously on alternate days in order to sensitize the 
uterus to the action of posterior pituitary oxytocic factor and to induce spontaneous activity. 
The day after the last stilboestrol injection a preliminary aseptic operation was performed under 
sodium pento-barbitone anaesthesia to expose the pituitary gland and optic chiasma. Early the 
following morning when the animal was well and lively it was given half a pint of milk to which 
water and glucose were added. Two or three hours later anaesthesia was induced either by giving 
0-14 g chloralose per kg body weight by mouth in 250-300 ml. water, or by the intravenous 
injection of 0-1 g chloralose per kg body weight in 0-9% NaCl solution. Two methods were used 
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for recording uterine movements. In the first, a balloon inserted into the uterus contained water 
in continuity with that in a small reservoir held 25 em above the level of the uterus. Changes in 
water-level in the reservoir caused by uterine contractions were transmitted by air to a 5 ml. 
volume recorder provided with a stylus writing on a kymograph. The abdomen was closed after 
insertion of the uterine balloon. In the second method, the upper end of one uterine horn was 
freed and tied to a thread passing over pulleys to a recording lever. The uterus was prevented from 
cooling and drying by passing it through a glass tube filled with warm paraffin. The abdomen was 
closed round the tube. In both methods the lower end of the uterus was fixed by gripping the 
cervix in volsellum forceps passed up the vagina, the forceps being clamped to a stand. The DFP 
was made up immediately before use as a part solution—part emulsion in 0-9% NaCl solution and 
well shaken. The eserine salicylate was also made up immediately before use. The volume of the 
injections was 0-002 ml. The method of making the injections has already been described 
(Pickford, 1947). 


A 


Fig. 1. Record of uterine contractions. A, normal spontaneous movements; B, 30 min after 
injection of 40ug eserine salicylate into the left supraoptic nucleus; C, 60 min after the 
injection. Time, 10 sec. 

RESULTS 

Observations were made on a total of seven dogs. The results were the same 

whichever system of recording or anaesthesia was used. Following the pre- 

treatment with stilboestrol all the uteri showed steady spontaneous activity 

(Figs. 1A and 2A). 

Effect of 0-9°|, NaCl solution. The injection of 0-002 ml. 0-9% NaCl solution 
into the area of the supraoptic nuclei was wholly without effect on the pattern 
of uterine activity. 

Effect of eserine salicylate. On two occasions 40yg eserine salicylate in 
0-9°/, NaCl solution was injected into one or other supraoptic nucleus. In 
both instances the result was the same. Four to five min after the injection 
the spontaneous uterine contractions increased in size and remained large for 
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45-50 min, they then began diminishing until in about an hour after the in- 
jection they were once more the normal size (Fig. 1). 

Effect of DFP. DFP was used on three occasions in doses of 40, 80 and 
100g, and each time the result was the same. Four to five min after the 
injection into the supraoptic nuclei uterine contractions began to increase in 
size, attained their maximum in-about 15 min and remained large for the 
rest of the experiment. The longest time of observation was 44 hr after the 
injection was made. 


A 


Fig. 2. Record of uterine contractions. A, normal spontaneous movement; B, 4 min after 
injection of 80ug DFP into left supraoptic nucleus; C, 1} br after the injection; D, 4 hr after 
the injection. Time, 10 sec. 


J 


In the two remaining experiments the injection of eserine and DFP was 
without effect. Histological examination of the hypothalamus showed that 
the injections had been badly placed, in one instance the tip of the needle had 
been lateral to one fornix, and in the other it had penetrated to the posterior 
hypothalamus. 

Owing to the impossibility of maintaining the uterus in a steady state of 
spontaneous activity for several weeks no attempt was made to follow the 
after-effect of DFP injection on the uterus to see if it paralleled the effect on 
the excretion of water by the kidney. 
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DISCUSSION 


Injection of eserine or DFP into the supraoptic nuclei of chloralosed dogs led 
to a rapid increase in size of spontaneous uterine contractions. After the 
former drug the increased activity lasted for about an hour, after the latter 
it lasted for the duration of the experiment, i.e. for at least 3-44 hr. No 
uterine reaction followed injection of anticholinesterases into two other sites 
in the hypothalamus. Since the anticholinesterase action of eserine is short- 
lived and that of DFP prolonged, if the oxytocic factor, like ADH, is liberated 
by a cholinergic mechanism, then the above results are to be expected. The 
findings, then, support the view that a cholinergic transmitter to the supraoptic 
neurones is responsible for the release of the oxytocic, as of the antidiuretic, 
factor of the posterior lobe. The results are also in agreement with others 
showing that any stimulus causing the release of one posterior pituitary active 
substance also causes the simultaneous release of the other (Abrahams & 
Pickford, 1954; Harris, 1955), but they offer no solution to the problem of how 
differing proportions of the two factors may be liberated at different times. 


SUMMARY 


1. Observations were made of the effect on spontaneous uterine con- 
tractions of injecting eserine salicylate and DFP into the supraoptic nuclei 
of chloralosed dogs. 

2. Both eserine and DFP caused an increase in size of uterine contractions. 
The effect of eserine lasted for about an hour, and that of DFP for at least 
3-44 hr. 

3. These findings support the view that the oxytocic, like the antidiuretic 
factor, of the posterior pituitary can be released by cholinergic transmission 
to the supraoptic neurones. 
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THE DISTRIBUTION AND REGULATION OF TEMPERATURE 
IN THE RAT 


By J. GRAYSON anp D. MENDEL 
From the Department of Physiology, University College, Ibadan 
(Received 27 February 1956) 


That mammals can thrive under widely different conditions of environmental 
temperature is an accepted fact, but the mechanism by which this is made 
possible is still far from clear. A knowledge of temperature distribution in 
internal organs is vital to its study, but although much is known about 
animals bred in temperate climates (Federov & Shur, 1942), and work has 
been carried out on cold acclimitization (Fregly, 1953), little has been pub- 
lished concerning temperature distribution in animals bred in a tropical en- 
vironment. Even less is known about the adaptations which occur in internal 
temperature when an animal is exposed to a sudden change in environmental 
temperature. The study of these two matters has been the object of the 


present work. 
METHODS 


Copper-constantan thermocouples made from 36 s.w.g. copper and constantan wire were used for 
temperature recording. A junction box (Lewis, 1930) was used so that readings could be taken 
from several points, Recording was by means of a Cambridge ‘spot’ galvanometer calibrated to 
read directly to 0-2° C. 

Wistar strain male rats, born and bred in the tropics, and of average weight 220 g were used. 
Temperatures were recorded from the liver, spleen, upper abdomen between the liver and dia- 
phragm, the mesentery as near as possible to the portal vein, and the lower abdomen, the thermo- 
couple occupying a variable position in the pelvic cavity. Thermocouples were introduced under 
ether anaesthesia, through a midline abdominal incision and sutured in place in the appropriate 
organ through a loop in the wire (Birnie & Grayson, 1952). The presence of the thermocouples 
seemed to have no ill effect on the weight, appetite or general well-being of the rats. Most observa- 
tions were made with the animals restrained in tubes made from perforated zinc, an oval hole in 
the top of the tube giving access to the thermocouple leads, which were freshly soldered at each 
experiment to the leads from the junction box. The cold environment was provided by an ordinary 
domestic refrigerator, its temperature being normally adjusted to remain at 7° C. 

In a few experiments liver blood flow also was determined by the method of internal calorimetry 
which makes use of a heated thermocouple implanted in the liver. This method has been described 
in full (Grayson, 1952). The fundamental measurement is of liver thermal conductivity and present 
results are expressed in terms of conductivity increment, i.e. excess thermal conductivity in living 
liver as compared with the thermal conductivity of dead liver. 
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RESULTS 


The distribution of temperature in the normal rat 
In each of thirty-five experiments a thermocouple was implanted in the liver. 
Additional thermocouples were placed in the mesentery (21 experiments), 
lower abdomen (15 experiments), upper abdomen (14 experiments) and the 


spleen (6 experiments). Usually not more than three thermocouples were 
implanted in any one animal. 


TaB_e 1. The mean temperatures of liver, mesentery and lower abdomen in conscious 


resting rats 
No. of Mean 8.E. of 
animals temp. (° C) mean 
Liver 35 39-3 +0-24 
Mesentery 21 39-1 +0-24 
Lower abdomen 15 38-5 +0-20 


TaBLE 2. The distribution of temperature (° C) between liver, mesentery, upper and lower 
abdomen and spleen in conscious, resting rats 


Rat no. Liver Mesentery ps aH abdomen Spleen 
38-2 38-2 37-3 — 
2 38-4 37-9 37-5 
3 39-2 39-2 — _ 39-0 
4 40-9 = 39-1 39-3 40-5 
5 39-4 39-3 39-1 
6 40-1 40-1 39-9 
7 40-8 40-0 — -- 40-4 
8 40-1 40-0 _ 39-9 
9 39-5 39-4 38-5 

10 39-6 39-4 39-1 
ll 40-0 39-8 37-9 
12 40-9 40-8 38-8 
13 40-6 40-6 40-4 — — 
14 39-9 39-9 39-8 


The results given in Tables 1 and 2 were made in restrained conscious ani- 
mals, 24 hr after operation, in a laboratory at 28° C. From Table { it will be 
seen that the mean liver temperature was 39-3°C, the mean mesenteric 
temperature was 39-1° C and the mean temperature recorded from the lower 
abdomen was 38-5° C. There was, thus, no significant difference in temperature 
between the liver and the mesentery near the portal vein, from which it may 
be concluded that the blood entering the liver from the intestine via the portal 
vein was probably not cooler than the liver itself. In contrast, the mean tem- 
perature of the lower abdominal cavity was 0-8° C lower than liver temperature. 

The figures given in Table 2 were taken from individual experiments. The 
liver and mesentery produced the highest temperatures in the abdominal 
cavity. The temperatures recorded from between the liver and the diaphragm 
and from the spleen were slightly lower than liver temperature. 
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The effect of exposure to cold on temperature distribution in the non- 
anaesthetized rat 

The purpose of the following observations was to record the effect on the 
above temperature distributions of a sudden lowering of the ambient tempera- 
ture from 28 to 7° C. Temperatures were recorded for a period of 15 min in the 
laboratory. The rat was then placed in the refrigerated chamber, and observa- 
tions continued for 90 min, after which the animal was allowed to warm up in 
the laboratory at 28° C. 


“+ Liver 
38 
36 Exposure to cold 
35 
0 20 40 60 80 100 120 
Time (min) 
Fig. 1. Temperature responses to exposure to cold—mean of twenty-three iments. Laboratory 
temperature 28-0° C. standard error of the 


Fig. 1 shows the mean effect of 90 min cooling on liver temperature in 
twenty-three experiments on different animals. The mean drop in liver 
temperature over this period was 25°C. From Fig. 2 it can be seen that 
although the maximum rate of fall occurred within the first 30 min this was 
usually followed by a further period of 30 min during which liver temperature 
did not fall so rapidly, then, during the final 30 min of cooling there was, in 
most cases, a further slower decline in liver temperature. On removing the 
animal from the refrigerated chamber, recovery began immediately in most 
instances and near normal temperatures were regained in 30-40 min. 

Fig. 2 compares the fall of liver temperature with that of the mesentery, 
upper abdomen, spleen and lower abdomen. The drops in mesenteric and 
upper abdominal temperature were similar to those occurring in the liver. The 
rate of cooling of the spleen was greater than that of the liver. The greatest 
rate of cooling was in the lower abdominal cavity. 

The effect of ganglion blocking agents. (n order to determine the influence of 
nervous factors on the rat’s ability to withstand sudden drops in temperature a 
series of experiments was performed in which a ganglion blocking agent, 
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tetraethylammonium bromide (TEAB) was administered, One difficulty was 
to determine the effective blocking dose of TEAB. The experiments shown in 
Fig. 3 were performed on a single rat (220g). Rising doses of TEAB were 
administered intraperitoneally on alternate days. It will be seen that with 
7 mg of TEAB the maximum temperature drop in a 90 min period was 1-5° C. 
The effect of 14 and 20 mg of TEAB was somewhat greater and of a similar 
order in each case. There was an initial rapid drop of temperature complete 


Mesentery Upper abdomen 


Exposure to cold Exposure to cold 
0 8 # 100 ao 8 100 


20 
Time (min) 
Fig. 2. Temperature responses to exposure to cold. (A) Liver and lower abdominal cavity; 

(B) liver and spleen; (C) liver and mesentery near portal vein; (D) liver and upper abdomen 

between liver and diaphragm. 


36 


Exposure to cold 


Time (min) 
Fig. 3. Liver temperature responses to exposure to cold. The effect of different doses 
of TEAB. Observations made on the same rat on different days. 
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within 40 min. Thereafter, liver temperature remained steady. On removing 
the animal from the cold environment recovery began immediately but was 
not complete even after 40 min. Bigger doses of TEAB, 60 and 70 mg, had 
different effects. During the first 40 min of cooling the temperature decline 
was not significantly different from that produced by cold exposure after 14 


and 20 mg TEAB. Thereafter, however, equilibrium was not maintained and — 


liver temperature continued to decline. 

For reasons which will be discussed later, 14-20 mg TEAB, was considered 
to be a full blocking dose. A number of experiments were consequently per- 
formed in which TEAB was administered in doses of 14 mg. For comparison 
with other procedures Fig. 4B shows a typical result. Liver temperature 
declined rapidly on placing the animal in the cold environment, but stabilized 


A Control cooling B  TEAB cooling 
37 
36 
Exposure to cold 
39 D Combined adrenalectomy and TEAB 
L j L | i 
0 #0 60 80 100 2 6 10 
Time (min) 


Fig. 4. Liver temperature responses in one animal to exposure to cold: (A) Control cooling; 
(B) after ganglion blockade; (C) after adrenalectomy; (D) after combined adrenalectomy and 
ganglion blockade (TEAB 7 mg). 


in about 20 min. Continued exposure to cold had no further effect on the liver 
temperature. The effect of TEAB and cooling on mesenteric temperature and 
on the temperature of the upper abdomen between liver and diaphragm was 
similar to the effect on the liver, although throughout the 90 min period, the 
liver remained slightly warmer. The lower abdominal temperature and the 
spleen temperature both declined by amounts significantly greater than the 
decline in liver temperature. 

The effect of adrenalectomy. In order to determine the influence of the adrenal 
glands on the rat’s ability to withstand a sudden drop in temperature, a series 
of experiments was performed in which the responses to a 90 min period of 
cooling were investigated before and after bilateral adrenalectomy. A typical 
result is given in Fig. 4C. On the same animal a control cooling curve and a 
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cooling curve following TEAB had already been obtained (Fig. 4A, B) before 
adrenalectomy. The experiment shown in Fig. 4C was carried out 24 hr after 
the operation. There was a steady decline in liver temperature throughout the 
cooling period and no evidence of stabilization even after 90 min cooling. 
Cooling continued for 10 min after removal from the cold environment and 


subsequent recovery was slow. Similar results were obtained in all such 


experiments. 

The effect of combined adrenalectomy and ganglion blockade. A small series of 
experiments was carried out to investigate the rat’s ability to withstand 
exposure to cold when deprived of both nervous and adrenal mechanisms. 
The experiment shown in Fig. 4D was carried out 48 hr after adrenalectomy. 
Although only 7 mg of TEAB was given the effect was marked. There was a 
continuous, steady decline in temperature; the total fall after 90 min was 
nearly double the fall produced either by TEAB alone or by adrenalectomy 
alone. On removing the animal from the cold environment the temperature 
continued to fall for 10 min and subsequent recovery was slow. 


38 
4362 
35 
36+ Exposure to cold Exposure to cold + 33 


0 10 20 30 4 50 10 20 30 40 50 
Time (min) 
Fig. 5. Liver temperature responses in the same animal to exposure to cold: (A) after adrenergic 
blockade (Rogitine 1 mg i.p.); (B) after adrenalectomy and ganglion blockade (TEAB 
14 mg). 

The experiment shown in Fig. 5 B was carried out 18 hr after adrenalectomy. 
14 mg TEAB was given intraperitoneally. The rate of temperature fall was now 
very much greater than in previous experiments. Liver temperature declined 
nearly 4° C in 30 min. Similar results were obtained in all such experiments, 
with doses of TEAB not less than 14 mg. 

The effect of Rogitine. Rogitine, 2(N-p-tolyl-N-m-hydroxyphenylamino- 
methyl)-imidazoline methanesulphonate (Ciba), is an effective adrenergic 
blocking agent reputed to inhibit specifically the response of the effector cell . 
to the sympathetic transmitter and to circulating sympathomimetic agents. 
Fig. 5 A shows an experiment in which 1-0 mg of Rogitine was administered 
intraperitoneally. The animal was subsequently placed in the cold environ- 
ment. Liver temperature declined gradually, and in a 30 min period there was 
a total drop of about 4-0° C. In three experiments cooling was continued for 
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90 min and in each instance liver temperature fell to between 29 and 27° C. 
Fig. 5B shows in the same animal the result of cooling after adrenalectomy 
together with ganglion blockade. It will be apparent that the degree of 
cooling in Fig. 5A and B is very similar and that the curves are of much the 
same form. In all experiments the effect of cooling after Rogitine was quali- 
tatively and quantitatively similar to the effect of cooling after adrenalectomy 
combined with ganglion blockade. 


37 


Temp (°C) 


0 oOo 8 £100 2 100 £120 
Time (min) : 
Fig. 6. Temperature responses of liver and mesentery (near the portal vein): (A) after 
urethane anaesthesia; (B) after Nembutal anaesthesia. 


The effect of exposure to cold on temperature distribution in the 
anaesthetized rat 

The effects of pentobarbitone sodium (Nembutal) and urethane on the 
ability of the rat to withstand exposure to cold were investigated. Tempera- 
tures were recorded from the liver and mesentery in all cases. Fig. 6 shows a 
typical result. It will be seen that with intraperitoneal urethane anaesthesia 
(0-5 ml., 25% (w/v) solution), in a 30 min cooling period there was a drop in 
liver temperature of about 5° C. With intraperitoneal pentobarbitone sodium 
in a dose of 0-5 mg/100 g body weight there was a drop of about 3-5° C in liver 
temperature. 

An important finding in these experiments was that the drop in liver tem- 
perature was usually greater than the drop in mesenteric temperature. In 
Table 3 it will be seen that control cooling and cooling after adrenergic block- 
ade produced similar declines in liver and mesenteric temperatures. With 
pentobarbitone sodium, cooling caused a mean decline in liver temperature of 
3-3° C and a decline in mesenteric temperature of 2°6°C. . 
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From Table 3 it will also be apparent that quantitatively the anaesthetic 
dose of pentobarbitone sodium used was less effective as a cooling agent than 
Rogitine, which was nevertheless safer in use. Exposure to cold of the anaes- 
thetized animal occasionally caused death; recovery was always slow, often 
taking as long as 24 hr before a complete return of temperature to normal. 
Of a series of six rats none died as a result of exposure to cold after Rogitine. 

The effect of splenectomy. To investigate the possibility of cold blood reaching 
the liver via the spleen, experiments were performed before and after splenec- 
tomy on animals anaesthetized with pentobarbitone sodium. In three experi- 
ments liver and mesenteric temperatures were recorded. Splenectomy had no 
effect on the responses of the liver or mesentery to cooling. 


TaBLe 3. The effect of adrenergic blockage and anaesthesia on the temperature drop produced 
in liver, mesentery and upper abdomen by exposure to cold. Temperature drop in ° C 


Control Rogitine Nembutal 

90 min 30 min 30 min 
Liver 2-5 4-4 3-3 
Mesentery 2-6 4-4 2-6 
Upper abdomen 3-2 5-3 3-2 


Suprahepatic temperature changes during cooling. To investigate possible 
heat loss through the diaphragm during cooling, suprahepatic temperatures 
were also recorded. From Table 3 it can be seen that, during control cooling, 
suprahepatic temperature fell by an average of 3-2° C, whilst that of the liver 
fell by an average of 2-5° C. After pentobarbitone sodium anaesthesia, during 
a 30 min period of cooling suprahepatic temperature fell by an average of 
3-2° C, whilst the liver temperature fell by an average of 3-3° C. Examination 
of the individual records showed that the liver was always slightly hotter than 
the suprahepatic temperatures. 


Liver blood-flow responses during cooling 

In some experiments blood-flow reactions were also recorded during cooling, 
using the technique of ‘internal calorimetry’. Blood-flow recorders were im- 
planted in the liver. The following day the rats were restrained and the leads 
from the heated thermocouple connected to the recording apparatus. 

Liver blood flow (conductivity increment) and cooling in the non-anaesthetized 
rat. Fig. 7 shows the results of a typical experiment in which conductivity 
increment was recorded for a period of 20 min with the animal at rest. The rat 
was then placed in the cold environment. The recording was continued but no 
significant change occurred during the period of cooling. 

_ Liver blood-flow reactions to cooling after adrenergic blockade. In the 
experiment shown in Fig. 8 1 mg Rogitine was given intraperitoneally to a 
conscious rat. There was a small drop in conductivity increment (which may 
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have been due to the concomitant drop in blood pressure, which in separate 
experiments was shown to occur with these doses of Rogitine) and a slow 
decline in liver temperature followed. Liver blood flow stabilized at the new 
level and the rat was then placed in the cold environment. There was a rapid 
fall in liver temperature, but no significant change occurred in conductivity 
increment. 


Liver thermal conductivity 
increment 
10K A 
- Liver 
temp. 
3 Exposure to cold 
L 
0 20 40 60 80 


Time (min) 


Fig. 7. Responses of the liver of an unanaesthetized rat to exposure to cold: (A) thermal 
conductivity increment (a function of blood flow); (B) liver temperature. 


39 Liver temp. 

Co 37 
36 
35 
34 

ar Exposure to cold 48% 

Ragitine. 1 mg 

0 20 40 60 80 100 «120 140 
Time (min) 
Fig. 8. Liver responses to Rogitine and cooling. Temperature and thermal 
conductivity increment. 


Liver blood-flow reactions to cooling after pentobarbitone sodium anaesthesia. 
In the experiment shown in Fig. 9A a rat anaesthetized with pentobarbitone 
sodium was placed in the cold environment. Liver temperature declined 
rapidly and continuously. There was an initial, significant, drop in conduc- 
tivity increment to a new level at which it stabilized; subsequently con- 
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ductivity increment remained stable despite the continued drop in tempera- 


ture. 

Liver blood-flow reactions to cooling in the splenectomized rat after pentobarbi- 
tone sodium anaesthesia. Fig. 9B shows an experiment on a splenectomized 
rat. Pentobarbitone sodium (1-2 mg) was given intraperitoneally, followed, 
after a short period of stabilization at room temperature, by exposure to cold. 


Liver temperature declined but there was no significant change in conductivity 
increment. 


Temp (°C) 


| l 

Time (min) 

Fig. 9. Thermal conductivity and temperature responses in the liver to exposure to cold: (A) after 
Nembutal anaesthesia; (B) different rat splenectomized and Nembutal anaesthesia. 


DISCUSSION 


No previous observations appear to have been published on temperature distri- 
bution in tropical born and bred rats. The present work suggests that it is not 
different in rats reared in a European laboratory. Thus, in the present series, 
the mean liver temperature was 39-3° C. compared with a mean liver tem- 
perature of 38-7° C in an English series reported by Birnie & Grayson (1952): 
In both groups there was considerable difference between animals, and the 
differences between the means are not significant. There was similarly no 
difference between lower abdominal temperatures from the two series. In 
the rat, as in the dog (Federov & Shur, 1942), the highest intra-abdominal 
temperatures were found in the liver. Federov & Shur (1942) further demon- 
strated that portal venous temperature was slightly lower than hepatic venous 
temperature but considerably higher than aortic temperature. They suggested 
that the intestines were, therefore, important producers of heat. This sugges- 
tion is confirmed in our present work in which mesenteric temperature recorded 
close to the portal vein was always similar to liver temperature. 

The effect of exposure to cold. In the present work rats were exposed to a 
sudden drop in ambient temperature of about 20°C. During a 90 min exposure, 
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liver temperature only fell by about 2-5° C. Most rats followed a similar pat- 
tern of reaction; there was an initial rapid fall, a period of equilibrium and a 
slow final fall. Without attempting to explain the detailed shape of the 
cooling curve it is apparent that the conscious rat has a surprising ability to 
withstand changes in ambient temperature. This must stem either from 
decreased heat elimination, from increased heat production or from a combina- 
tion of the two. The sympathico-adrenal system might be expected to play an 
important part, particularly in relation to the control of heat elimination. 
Adrenalectomized rats, however, still had considerable powers of resistance; 
nevertheless, on exposure to cold the decline in liver temperature was gradual 
and continued with no sign of stabilization. In contrast, ganglion blockade 
by means of tetraethylammonium bromide led to a similar drop in tempera- 
ture for the same duration of exposure, but the drop was relatively rapid and 
complete within 30 min. Thereafter stable equilibrium was maintained. These 
results are difficult to account for fully, but they suggest that the adrenal 
glands have an important part to play and, by themselves, are probably better 
capable of mediating stable equilibrium under conditions of cooling than 
is the sympathetic nervous system. 

The sympathico-adrenal mechanism was totally eliminated by two methods, 
first, ganglion blockade combined with adrenalectomy, secondly by administra- 
tion of an adrenergic blocking agent, Rogitine, in relatively massive doses. 
Both procedures led to the same result. Exposure to cold now produced a very 
rapid fall in temperature with no suggestion of equilibration after 90 min. 
Throughout these experiments the liver temperature remained higher than 
any other intra-abdominal temperature, including the mesenteric temperature. 
Since there was no significant change in liver blood flow it is clear that heat 
production in the liver continued during exposure to cold, even after elimina- 
tion of the sympathico-adrenal system. The effect of ganglion blockade and 
adrenalectomy on resistance to cold is therefore probably mainly on the 
peripheral mechanisms of temperature regulation. 

The action of tetraethylammonium bromide must receive further comment. 
The present evidence demonstrates that in a 220 g rat doses between 14 and 
20 mg produce complete sympathetic blockade, since a combination of these 
doses with adrenalectomy produces effects indistinguishable from the effect of 
massive doses of a pure adrenergic blocking agent, Rogitine. Administra- 
tion of bigger doses, 60 or 70 mg of tetraethylammonium bromide, however, 
produces a continued decline in liver temperature without equilibration. 
Large doses of tetraethylammonium bromide may have an adrenergic block- 
ing action, but it is considered more likely that this is a manifestation of the 
curare-like action of big doses of ganglion blocking agents. If this be so then 
the continued cooling may be an indication of the importance of the skeletal 
musculature in resistance to cold. 
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The effect of pentobarbitone sodium. Both urethane and pentobarbitone 
sodium have pronounced action on resistance to cold. Birnie & Grayson 
(1952) showed that these agents, as well as ether, produced a drop in liver 
temperature greater than the drop in abdominal temperature. The present 
work was largely confined to a study of pentobarbitone sodium, full anaes- 
thetic doses of which had a marked effect on the resistance to cold. Liver 
temperature fell rapidly, but not so rapidly as with Rogitine. It fell more 
rapidly than the mesenteric temperature. Such a result cannot be explained 
on the basis of blood-flow change, since thermal conductivity records during 
exposure to cold, even of the anaesthetized rat, showed no significant change. 

Birnie & Grayson (1952) suggested that an excess fall in liver as compared 
with abdominal temperature could best be explained as due to inhibition of 
liver function by the anaesthetic agent. Even so the mechanism whereby the 
liver temperature actually falls below the temperature of the afferent blood 
remains to be explained. Cold blood reaching the portal vein from the spleen 
could scarcely be a factor since the temperature differences were not affected 
by splenectomy. One explanation is suggested by the observations on the 
temperature between the liver and the diaphragm. In the normal animal 
exposed to a laboratory at 28-5° C the suprahepatic temperature was only 
slightly lower than in the liver. On exposure to cold, however, when the 
animal was not merely exposed externally to temperature of 7° C, but was 
also breathing air at that temperature, the suprahepatic temperature fell by 
an average of 3-5° C, whilst in the liver it fell by an average of 2-5° C. The 
region between diaphragm and liver was thus 1-0° C cooler than the liver. 
Similar relationships were maintained even after adrenergic blockade. After 
administration of pentobarbitone sodium, however, although the diaphragm 
temperature still fell by an average of 3-5° C on exposure to cold, the liver 
temperature now fell practically equally, so that there was only a small 
temperature difference between liver and diaphragm. This is consistent with 
the concept of an inhibited liver losing heat by passive transfer through the 
diaphragm. The evidence is not complete, but supports the suggestion that 
pentobarbitone sodium is an inhibitor of liver function. 


SUMMARY 


1. Mean temperatures in tropical-bred conscious rats were found to be: 
liver, 39-3° C; mesentery (near portal vein), 39-1° C; lower abdomen, 38-5° C. 

2. The evidence suggested that the intestines were an important producer 
of heat. 

3. The effect of rapidly lowering the environmental temperature from 
28-0 to 7° C, was investigated. In the conscious rat temperatures stabilized 
rapidly, 
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4. The ability to withstand exposure to cold was only slightly affected by 
ganglion blockade or by adrenalectomy, but a combination of those procedures 
or adrenergic blockade by Rogitine seriously impaired resistance to cold, 
and on exposure to cold temperature stabilization did not occur. 

5. Liver blood flow remained steady in conscious or anaesthetized rats 


during exposure to cold. 
6. Pentobarbitone sodium impaired resistance to cold and the evidence 


suggested that this was, in part, due to inhibition of liver function. 
This work was ajded by a grant from the Medical Research Council. 
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METABOLIC ACIDOSIS IN DIFFUSION RESPIRATION 


By N. JOELS anp M. SAMUELOFF* 


From the Department of Physiology, the Middlesex Hospital Medical School, 
London, W. 1 


(Received 7 March 1956) 


The term ‘diffusion respiration’ was used by Draper, Whitehead & Spencer 
(1947) to describe a state in which animals are kept alive for considerable 
periods without respiratory movements. The animal first breathes pure 
oxygen for a sufficiently long period to remove practically all the nitrogen 
from the lungs and tissues. Respiratory movements are then abolished by 
deepening the anaesthesia, the animal’s lungs remaining connected to a reser- 
voir of oxygen at atmospheric pressure. Under these conditions the animals in 
the experiments of Draper et al. survived without breathing for 40-60 min, 
and most of those permitted to recover from the anaesthetic were still alive and 
behaving normally several days or weeks afterwards. It is suggested by these 
authors that survival during diffusion respiration is due to the action of the 
haemoglobin-oxygen pump; as the blood in the pulmonary circulation con- 
- tinues to take up oxygen from the alveoli, the total pressure of the alveolar 
gases tends to fall. If the respiratory quotient is less than unity, this tendency 
can only be partially compensated for by the CO, which passes into the alveoli 
from the venous blood in the pulmonary capillaries. Consequently, more 
oxygen is steadily drawn into the lungs from the reservoir. Since no respira- 
tory movements are taking place CO, accumulates in the lungs and throughout 
the body. The toxic action of this CO, is the main factor that limits the length 
of diffusion respiration. 

It is questionable whether ‘diffusion’ is the correct word to describe this 
type of respiration, since the entry of oxygen into the lungs results from the 
total gas pressure in the alveoli falling below that in the reservoir rather than 
from the difference in the partial pressures of individual gases at the two sites. 
However, as the term ‘diffusion respiration’ has become well-established we 
have continued to use it in the now generally accepted sense. 


* On leave from the Department of Physiology, the Hebrew University Hadassah Medical 
School, Jerusalem. 
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The value of such a method of maintaining an adequate oxygen supply 
while respiratory movements are suspended needs no emphasis when the 
requirements of present-day thoracic and cardiac surgery are considered. The 
technique has, in fact, been applied experimentally by anaesthetists to patients 
for short periods. However, the accumulation of CO, during diffusion respira- 
tion limits its practical application. The retention of CO, of course produces 
a respiratory acidosis; it is the purpose of this paper to demonstrate that, in 
addition, a non-respiratory acidosis progressively develops during diffusion 
respiration and also in other conditions in which CO, accumulation occurs. The 
acidosis is a metabolic one, caused either by an increase of the acid metabolites 
or by a fall in the buffer base in the blood (Singer & Hastings, 1948). 


METHODS 
Dogs weighing 10-15 kg were used. The animal was anaesthetized with thiopentone, a 5% solution 
being gradually injected intravenously until full surgical anaesthesia developed. A tracheal 
cannula was then inserted. Respiration was recorded by means of a tambour connected to the 
side arm of the tracheal cannula. The open end of this cannula was connected via a glass Y-piece to 


Fig. 1. The breathing circuit used in diffusion respiration. The Douglas bag is filled with oxygen. 
After respiratory movements have been arrested there is no escape of expired air, but oxygen 
continues to bubble through the inspiratory valve showing that it is still being drawn into 
the lungs. 


paraffin inspiratory and expiratory valves. The cannula and Y-piece were made as short as_possible 
in order to minimize the dead space. The inspiratory valve led froma Douglas bag filled with oxygen 
and the expiratory one opened to room air. Fig. 1 illustrates the breathing circuit. Blood pressure 
in the left femoral artery was recorded by a mercury manometer. The right femoral artery was 
cannulated to permit the withdrawal of blood samples. The animal first breathed oxygen from the 
Douglas bag for at least 45 min; respiratory movements were then abolished by an intravenous 
injection of succinylcholine, 0-5-1-0 mg/kg body weight, which blocked neuromuscular trans- 
mission. Surgical anaesthesia was maintained throughout the period of ‘paralysis’. In a few 
experiments succinylcholine was not used, but breathing was arrested by further deepening the 
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thiopentone anaesthesia until the respiratory centre was paralysed. Respiratory arrest was 
maintained by one or other method for periods up to 1 hr, during which time bubbling of gas 
through the paraffin inspiratory valve demonstrated that oxygen was being drawn into the lungs 
by the mechanism previously described. When we wished to resuscitate the animal artificial 
respiration was instituted and maintained until the CO, tension fell to normal levels and the effects 
of the succinylcholine or of the bulbar depression wore off. 

Blood samples were withdrawn into oiled 20 ml. syringes to which had previously been added one 
drop of heparin solution containing 5000 units/ml. and sodium fluoride to a final concentration of 
0-1%. Blood samples were taken before, during and after the period of diffusion respiration. 
5 ml. portions of each sample were equilibrated in 230 ml. tonometers with tensions of CO, in air 
ranging between 20 and 200 mm Hg of CO,. The equilibrations were carried out for 15-20 min in 
a water bath at 37°. The CO, content of each equilibrated sample was determined with the mano- 
metric Van Slyke apparatus and the pH was measured with a Cambridge pH meter using a Stadie 
| electrode system. The CO, tension in each tonometer was calculated from the CO, percentage as 

determined with the Haldane gas analysis apparatus. Plots were then drawn of log pCO, against 
log CO, vol. % (Peters, 1923) and of log pCO, against pH (Brewin, Nashat & Neil, 1955). Lactic 
acid was determined by the method of Long (1946). 

In other experiments arterial blood samples were withdrawn (with full anaerobic precautions) at 
intervals throughout the period of diffusion respiration, and the O, capacity, 0, content, CO, content 
and pH of each sample were determined. 


RESULTS 
Changes in the arterial blood gases and pH ~ 

The results of a representative experiment are depicted in Fig. 2. During the 
preliminary period of O, breathing the arterial O, content rose slightly as 
expected above the control level. During the period of diffusion respiration 
this raised level was more or less maintained. The O, content at this stage 
exceeded the simultaneously determined O, capacity owing to the additional 
dissolved O, in the blood. No anoxic anoxia therefore occurred during the | 
diffusion respiration period. The O, capacity did not decline significantly 
during the experiment so that anaemic anoxia due to withdrawal of the blood 
samples was likewise absent. The arterial CO, content and pH during pre-_ 
liminary O, breathing showed only small or negligible changes which, when 
present, depended partly on the effects of the varying levels of anaesthesia and 
of the raised O, tension on the pulmonary ventilation. With the onset of 
diffusion respiration both the CO, content and the pH altered markedly, the 
changes being extremely rapid in the early stages. The CO, content rose, e.g. 
from its control value of 30 vol. % to 57-5 vol. % after 5 min diffusion, while 
the pH fell, e.g. from 7-25 to 6-88. Thereafter the changes were a little more 
gradual, and by the end of 30 min diffusion respiration the CO, content had 
risen to 80 vol. %%, while the pH had fallen to as low as 6-47. “Pwenty-five 
minutes after diffusion respiration had been terminated by artificial respira- 
tion, the dog was again breathing normally and the CO, content had returned 
to its initial value. The pH, however, was 6-80 at this stage; thus although the 
pH value then showed a considerable return towards normal, it is clear that 
acidosis was still present to a marked degree. 
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Fig. 2. Changes in the arterial CO, and O, contents and pH during diffusion respiration. The solid 
black circles represent the simultaneously determined O, capacities. During diffusion 
respiration there is a sharp rise in the CO, and a considerable fall in the pH. 08,0, content 
is practically unaltered except for a slight rise of the content above the 
which results from the period of breathing O,. 


Logarithmic CO,-dissociation lines and log pCO,/pH graphs 
Van Slyke and others (Peters & Van Slyke, 1931) have shown that the value 
of the alkali reserve is not by itself a sufficient indicator of disturbances of 
acid-base balance, and that in some cases the plasma pH or pCO, must also be 
determined to enable an accurate assessment of the disturbance to be made. 
Brewin, Gould, Nashat & Neil (1955) have pointed out that in some circum- 
stances even the determination of both the plasma pH and the total blood CO, 


; may not be sufficient. They recommend, therefore, that alterations in acid-base — 


equilibrium should be assessed from a consideration of logarithmic CO, dis- 
sociation lines and the log pCO,/pH graphs. It is often necessary to interpret 
both these graphs in conjunction with one another, since alterations in the 
distribution of buffer base between bicarbonate and protein anions, occurring 
without pH change (owing to the effect on protein ionization of, for example, 
temperature or the addition of neutral salts) will affect the CO, combining 
power of the blood without altering the acid-base balance. Though such 
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alterations in buffer-base distribution without pH change are unlikely in our 
experiments, the changes in both the logarithmic CO, dissociation lines and 
the log pCO,/pH graphs demonstrate very clearly the alterations in acid-base 
equilibrium during diffusion respiration. 

Fig. 3 gives the results of a representative experiment, and shows the manner 
in which these graphs were used to analyse the acidosis occurring during 
diffusion respiration. In this experiment arterial samples were drawn both 
during the control period and after 15 and 45 min of diffusion respiration. 
These samples were equilibrated with CO, tensions between 30 and 90 mm Hg. 
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Fig. 3. Logarithmie CO, dissociation lines and log pCO,/pH graphs obtained from blood samples 

removed during the course of diffusion respiration. Both logarithmic CO, dissociation lines (a) 
and log pCO,/pH plots (b) show the progressive development of a metabolic acidosis. 


In Fig. 3 (a) log pCO, was plotted against log CO, vol. °%; the graphs show that 
after 15 min diffusion respiration the CO, combining power had fallen by 
10 vol. %. This fall is measured as the difference between the CO, combining 
power of the control sample at pCO, of 40 mm Hg and the COQ, combining 
power of the 15 min diffusion respiration sample at the same pCQ,, i.e. the 
vertical distance between the CO, dissociation lines at the given pCO,. Thirty 
minutes later, after 45 min diffusion respiration, the reduction in CO, com- 
bining power was of the order of 14-5 vol. %. This value was again obtained by 
comparing the CO, combining power st a pCO, of 40 mm Hg in the control 
sample and in the sample obtained after 45 min diffusion respiration. The 


log pCO,/pH plot (Fig. 3b) reveals that at the same time there had been a shift 
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‘of the pH to the acid side. Readings are compared in both control and experi- 
mental samples at pCO, of 40 mm Hg. At this pCO, the pH of the control 
sample was 7-18; after 15 min diffusion respiration it was 7-04, a difference of 
0-14 pH unit. Thirty minutes later the pH was 6-96, an additional shift of 
0-08 pH unit. These results showed that a metabolic acidosis had occurred 
during diffusion respiration and that it was progressive; in its early rapid rise 
and later more gradual increase it paralleled the changes in the arterial CO, 
content as shown in Fig. 2. (Figs. 2 and 3 were not taken from the same 
animal.) A similar metabolic acidosis occurred whether succinylcholine or 
thiopentone was used to arrest respiratory movements. 


(2) 


—O— Before diffusion respiration 
—x— 30 min diffusion respiration 73 74 
-—e@—55 min diffusion respiration pH 


Fig. 4. Similar experiment to Fig. 3, but in which the blood samples were equilibrated at the 
higher CO, tensions which are actually present in the arterial blood during diffusion respira- 
tion. The logarithmic CO, dissociation lines (a) and log pCO,/pH plots (b) show that 
the progressive metabolic acidosis can still be demonstrated at these high tensions of 
200-300 mm pCO,. 


Consideration of Fig. 3 shows that when the sample drawn after 15 min of 
diffusion respiration was equilibrated at the CO, tension of nearly 90 mm Hg 
its CO, content was only 43-5 vol. %. However, as in the experiment shown 
in Fig. 2 the CO, content of the arterial blood after 15 min of diffusion respira- 
tion was much higher than this, being in the region of 70 vol. %, and it might 
be argued that relevant comparisons were not made. We therefore performed 
the experiment illustrated by Fig. 4 in which each sample was equilibrated at 
CO, tensions ranging up to 200-300 mm Hg, since the CO, tension in the 
arterial blood was of this very high order during the later stages of diffusion 
respiration. Fig. 4 confirmed that the linear relationships between log pCO, 
and log CO, vol. % and between log pCO, and pH still held at these high CO, 
tensions. In this experiment there was a greater fall in the CO, combining 
power between the 30 and 55 min samples than between the control and 30 min 
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samples. This unusual finding was probably due to the effects of diffusion 
respiration being aggravated by anoxia due to incipient circulatory failure, 
since the animal died from circulatory collapse very soon after the 55 min 
sample was drawn. 

A gradual recovery from the metabolic acidosis took place once respiratory 
movements recommenced. Such a result is shown by both graphs in Fig. 5. 


(b) 
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Fig. 5. Logarithmic CO, dissociation lines and log pCO,/pH graphs obtained from blood samples 
removed before, during and following a 45 min period of diffusion respiration. Following the 
disappeared after 3 hr. 


After 37 min diffusion respiration there was a fall in the CO, combining power; 
at pCO, of 40 mm Hg the fall was 12 vol. % and the pH line correspondingly 
shifted to the acid side from 7-27 to 7-11 at the same pCO,. One hundred 
minutes after diffusion respiration had ceased, when the animal was spon- 
taneously breathing air, measurements made at 40 mm Hg pCO, showed a 
reduction in CO, combining power of only 4 vol. % and the pH was 7-21. The 
persistence of a moderate degree of metabolic acidosis at such a comparatively 
long interval after diffusion respiration had been terminated agrees well with 
the acid pH which was noted at the end of the experiment shown in Fig. 2, 
when the sample was taken 75 min after diffusion respiration had ceased. Two 
hundred minutes after the end of diffusion respiration (Fig. 5) the metabolic 
acidosis had almost disappeared; measured at a pCQ, of ae iecisiae 
CO, combining power was 1:5 vol % and the pH was 7-24. 
23-2 
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This gradual disappearance of the metabolic acidosis, once breathing move- 
ments recommenced, confirmed that it was in fact a consequence of diffu- 
sion respiration, and that it was not due to the operative procedure or the 
anaesthetic used. In particular, this finding excluded the possibility that 
the obstruction of both femoral arteries by the cannulae (for recording blood 
pressure and withdrawing samples) had led to abnormalities of metabolism in 
the hindlimbs which might have induced the metabolic acidosis. It must be 
supposed that the collateral circulation was adequate to supply the oxygen 
needs of the muscles while at rest. 


Effect of breathing high CO, miatures on the logarithmic CO, 
dissociation lines and log pCO,/pH plots 

The experiments represented by Figs. 2 and 4 demonstrate that the out- 
standing change in the blood gases during diffusion respiration is the great rise 
in the arterial pCO, to 200-300 mm Hg, The possibility must be considered 
that a fall in the arterial O, saturation might result from the Bohr effect of 
this very high CO, tension. However, the O, tension in the lungs remains well 
above the normal level throughout diffusion respiration as the animal had 
previously been breathing pure O, and was still connected to the O, reservoir. 
Bock, Field & Adair (1924) have shown that the effect of CO, on the oxyhaemo- 
globin dissociation curve is much smaller at these higher O, tensions and that 
the Bohr effect becomes comparatively less and less with each incremental 
increase in the CO, tension. Since we have, in fact, demonstrated that at this 
stage the arterial O, saturation was within normal limits (Fig. 2), we felt that 
the metabolic acidosis in diffusion respiration might be attributed to the 
effects of the prolonged rise in the arterial pCO,. We therefore performed 
experiments in which respiratory movements were not arrested, but the 
animal spontaneously breathed a mixture containing a high percentage of CO, 
in O,. The arterial pCO, was thereby raised to values similar to those occurring 
in diffusion respiration. 

Fig. 6 illustrates a representative experiment in which the animal breathed 
through the valves from a Douglas bag contaming a mixture of 25% CO, in 
O, for 30 min. Blood samples were withdrawn before, during and after the 
period of breathing this high CO, mixture. Logarithmic CO, dissociation lines 
and log pCO,/pH plots were constructed for each sample. The graphs show 
that after breathing the 25% CO, mixture for 30 min there was a fall of 
8 vol. % in the CO, combining power as measured at 40 mm Hg pCO,. At the 
same pCO, the pH had shifted from 7-22 to 7-12. These changes represent 
a metabolic acidosis of very much the same order as that which occurred in 
diffusion respiration. Similarly, 90 min after the animal began to breathe 
room air the metabolic acidosis had diminished. The fall in the CO, combining 
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power was reduced to 6 vol. % and the pH had risen to 7-17, both values being 
measured at 40mm Hg pC0Q,. 

It therefore appears that the metabolic acidosis which occurred during 
diffusion respiration was due to the very high CO, tensions which arose, since 
a similar metabolic acidosis occurred when gas mixtures containing a high 
percentage of CO, were breathed. In each case the metabolic acidosis 
diminished when the animal again breathed room air and the arterial pCO, fell 
to more normal values. 
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Fig. 6. Logarithmic CO, dissociation lines and log pCO,/pH graphs given by blood samples 

obtained from a dog which breathed 25% CO, in O, for 30min. Both logarithmic CO, 

dissociation lines (a) and log pCO,/pH graphs (6) show that a metabolic acidosis occurred 

during the period of CO, breathing and diminished when the animal again breathed room air. 


Factors contributing to the metabolic acidosis 


Anuria. In several experiments a catheter was inserted into the bladder 
through a supra-pubic incision. The bladder was emptied at the commence- 
ment of diffusion respiration and again at the end of the period of respiratory 
paralysis. The quantity of urine collected during diffusion respiration never 
exceeded two or three drops. This observation agrees with the finding of 
anuria in diffusion respiration by Whitehead, Beshore, Draper, Spencer & 
Parry (1948). 

Lactic acid. In a few animals blood lactate concentrations were determined 
before and during diffusion respiration. Some increase in lactate concentration 
occurred in each case. The maximum increase in the blood lactate was a rise 
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from a control value of 1-8 m-equiv/l. to 3-7 m-equiv/l. after 36 min diffusion 
respiration. As the corresponding decrease in the CO, combining power of 
the blood measured at 40 mm Hg pCO, was 3-8 m-equiv/l. (8-5 vol. %), this 
maximum rise in lactate concentration could account for only half the 
reduction in CO, combining power; in no experiment did the rise in lactate 
concentration account for more than half of this reduction. 


DISCUSSION 

Singer & Hastings (1948) defined metabolic acidosis as a state in which 
a decrease in the whole blood buffer base is produced by a fixed acid excess or 
a base deficit. Such an acidosis can arise as a consequence of therapeutic or 
experimental administration of salts giving rise to acid radicals (e.g. ammonium 
chloride) during severe exercise, anoxia, haemorrhage, ether anaesthesia, 
starvation, diabetes, failure of the renal excretory mechanism or excessive loss 
of intestinal or biliary secretions. The acidosis in these conditions results from 
the accumulation of products of normal or disordered physiological process 
which directly influence the concentration of whole blood buffer base. | 

In diffusion respiration there is undoubtedly failure of the mechanisms 
normally responsible for the removal of metabolites and the maintenance of 
the acid-base equilibrium of the body as a whole, These mechanisms are the 
buffer systems of the body fluids and the compensatory reactions of the lungs 
and kidneys. Though these buffer systems can considerably minimize changes 
in hydrogen-ion concentration, this power is limited. The rapid and marked fall 
in pH during diffusion respiration indicates that the buffer systems are unable 
under these conditions to prevent gross changes in acid-base equilibrium. By 
the very nature of diffusion respiration the lungs can play no part in correcting 
the acid-base balance. The role of the renal mechanism in combating the 
disturbances in acid-base equilibrium must be negligible since we found that 
urine production practically ceased during diffusion respiration. Whitehead 
et al. (1948) and Kopecky, Rayburn, Whitehead & Draper (1952) have also 
reported that anuria developed during diffusion respiration. It is unlikely that 
anoxia was responsible for this anuria as the anuria was always complete 
within 10 min of the beginning of diffusion respiration, at a time when the 
arterial O, saturation was normal. The raised arterial CO, tension and lowered 
pH are much more probable causes of the anuria. This view is supported by 
the findings of Simpson & Wells (1928), who reported that urine output was 
reduced by more than 90% in dogs breathing 550% CO, in O,. More 
recently, Brassfield & Behrmann (1941) noted that dogs breathing gas mixtures 
containing 7~16°% CO, showed a considerable reduction in urine formation 
and even complete anuria in animals in which the control secretion was 
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To what extent can this anuria account for the metabolic acidosis in diffusion 
respiration? Pitts & Alexander (1945) reported the maximum excretion of 
acid by the kidney in dogs to be 0-2-0-4 m-equiv of titratable acid/min. Thus 
the maximum possible renal acid excretion in 45 min diffusion respiration could 
not exceed 18 m-equiv. However, the fall in the CO, combining power of the 
blood, which we have used as a measure of the metabolic acidosis, was never 
less than 4-5 m-equiv/l. (10 vol. %) after 45 min diffusion respiration. As 
a similar metabolic acidosis must affect all compartments of the body fluid, the 
total loss of buffer base must correspondingly exceed that of the blood alone. 
The ‘base deficit’ would thus be about 36 m-equiv in a dog of 12 kg. Hence 
the failure of the renal excretion of acid in these circumstances can account 
for only about one-half of the metabolic acidosis in diffusion respiration. One 
must, therefore, look elsewhere for contributing factors resulting in this 
metabolic acidosis. Foremost among these may be an accumulation of normal 
or abnormal metabolic acids formed as a consequence of toxic effects of the 
prodigiously high CO, tensions in the tissue cells. It is well known that high 
CO, tensions produce systemic narcotic effects which we suggest may be due to 
similar causes. The metabolites responsible for this acidosis have not as yet 
been fully identified, but our studies of blood lactate showed that in some cases 
an increase in lactate concentration may account for nearly half the reduction 
in CO, combining power. Gesell, Krueger, Gorham & Bernthal (1930) also 
found a variable increase in blood lactate when mixtures containing high 
percentages of CO, were breathed, even in the presence of supernormal O, 
tensions. In hypothermia, Brewin, Gould, Nashat & Neil (1955) found a fall 
in the CO, combining power of the blood which was likewise only partly 
explained by a rise in blood lactate concentration. At a body temperature of 
26° C the spontaneous respiration of dogs became feeble in the extreme and the 
arterial pCO, rose to 150 mm Hg. The blood remained fully oxygenated, 
presumably due to diffusion respiration as the animals were breathing 100% 
oxygen. 

A further point remains to be explained. The continued uptake of O, from 
the lungs during diffusion respiration depends, as has been described, on the 
O, uptake exceeding the CO, output, i.e. on a respiratory quotient of less than 
unity. However, the rise in blood lactate indicates that there must be 
anaerobic metabolism during diffusion respiration, and consequently an 
increase of CO, production over oxygen usage by the tissues, thus leading to 
a respiratory quotient greater than unity. How then does O, uptake continue 
during diffusion respiration? 

We believe that the solution of this apparent paradox lies in the compara- 
tively high solubility of CO, in the body fluids. A small amount of CO, 
passing from the pulmonary capillaries into the alveoli during diffusion 
respiration will increase the pCO, and enable a much greater quantity of CO, 
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to enter into simple solution throughout the blood and tissues. Thus even 
though the tissues are producing a large amount of CO, (with a tissue respira- 
tory quotient exceeding unity) only a proportion of this CO, passes into the 
lungs, so that the alveolar respiratory quotient remains less than unity and 
O, uptake continues in the manner previously described. A similar low alveolar 
respiratory quotient was observed by Otis; Rahn & Fenn (1948) during 
breath-holding at sea-level atmospheric pressures. Their studies of alveolar 
gas tensions show that the cause of the low respiratory quotient during 
breath-holding is the same as that during diffusion respiration. While the 
oxygen consumption remains normal, the rising pCO, in the lungs creates a less 
favourable gradient for CO, transfer and CO, is retained in the blood and other 
tissues, resulting in a low respiratory quotient. The amount of CO, retained 
depends on the relative volumes of alveolar air and body fluids and on the 
slopes of the CO, dissociation curves for the blood and tissue fluids. 


SUMMARY 

1, The acid-base equilibrium of the blood in diffusion respiration was 
investigated by plotting the logarithmic CO, dissociation lines and log 
pCO,/pH lines of blood samples withdrawn during diffusion respiration. 
_ 2. Changes in acid-base equilibrium were assessed from the alterations in 
the CO, combining power at pCO, of 40 mm Hg, and from the shift of the pH 
at the same pCOQ,. 

3. A metabolic acidosis was found which increased progressively during 


diffusion respiration. This metabolic acidosis gradually diminished following _ 


the resumption of respiratory movements. 

4. A similar metabolic acidosis occurred when animals were made to 
breathe a mixture containing 25°% CO, in Q,. 

5. It is therefore suggested that a prolonged rise in pCO, and consequent 
respiratory acidosis leads to the development of a metabolic acidosis as well. 

6. Anuria occurred during diffusion respiration. The complete failure of 
renal acid excretion might have been responsible for about one-half of the 
metabolic acidosis. 

7, Blood lactate concentration generally rose during diffusion respiration 
but this rise never accounted for more than half the reduction in CO, com- 
bining power. 


We wish to express our thanks to Professor Samson Wright for his constant advice and encourage- 
ment throughout this investigation, and to Dr E. Neil for the loan of a pH meter used in this study. 
One of us (M. 8.) is indebted to the Humanitarian Trust and the Friends of the Hebrew University 
for a grant for residential expenses during the period of these experiments. 
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THE ACTIVITY OF THE MEDULLARY CENTRES 
IN DIFFUSION RESPIRATION 


By N. JOELS anp M. SAMUELOFF* 
From the Department of Physiology, the Middlesex Hospital Medical School, 
London, W.1 


(Received 7 March 1956) 


In 1947 Draper, Whitehead & Spencer described experiments in which dogs 
were kept alive for periods up to 1 hr after respiratory movements had been 
arrested by deepening the level of anaesthesia until the respiratory centre was 
paralysed. These authors applied the term ‘diffusion respiration’ to the 
mechanism by which the animals were able to replenish the oxygen in their 
lungs without the aid of respiratory movements, 

In a previous paper (Joels & Samueloff, 1956) we reported the finding of 
a ‘metabolic’ acidosis during diffusion respiration and discussed some of the 
theoretical considerations on which diffusion respiration is based. In this study 
we have examined the activity of the medullary centres during diffusion 
respiration in animals in which natural breathing had been abolished (i) by 
deep thiopentone anaesthesia which directly depresses the respiratory centre 
or (ii) by succinylcholine (Scoline) which blocks neuromuscular transmission. 
By comparing the results obtained under these two experimental conditions it 
is possible to study the effects of impulses radiating from the respiratory to the 
vasomotor and cardiac centres, since in the latter case the respiratory centre is 
still discharging, while in the former it is not. It is also possible to study the 
influence of an increasing CO, tension on the medullary centres in the absence 
of anoxia, under circumstances in which neither impulses from actively con- 
tracting respiratory muscles nor from rhythmically inflated lungs reflexly 
modify the central discharge. 


METHODS 
The experiments were carried out on dogs and cats, The dogs were anaesthetized with thiopentone, 
a 5% solution of which was gradually injected intravenously until oqenplete ourgicel anaesthesia 
was obtained. Pentobarbitone 30 mg/kg body weight was injected int y to anaesthet ize 
the cats. The operative procedure and breathing circuit were similar to those which we have 


* On leave from the Departn.ent of Physiology, the Hebrew University Hadassah Medical 
School, Jerusalem. 
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previously described (Joels & Samueloff, 1956). After a preliminary period of breathing 100% 
oxygen, respiratory movements were arrested either by gradually deepening the thiopentone 
anaesthesia until medullary paralysis occurred, or by the administration intravenously of succiny]- 
choline 0-5-1-5 mg/kg body weight, the dose depending on the period for which it was desired to 
maintain diffusion respiration. Respiration was recorded by a tambour connected to the side arm 
of the tracheal cannula; arterial blood pressure was recorded from the left femoral artery with 


a mercury manometer. In some dogs lead II electrocardiographic records were taken during 
diffusion respiration with a Sanborn Cardiette electrocardiograph. 

Nerve action potentials were studied, but only in cats. The nerves of the dog contain considerably 
more interstitial tissue than those of the cat; this makes dissection very difficult and the produc- 
tion of single fibre preparations too uncertain. In cats records were taken from the central end of 
recurrent laryngeal nerve as an index of respiratory centre activity (Green & Neil, 1955) and from 
the central end of the cervical sympathetic as a measure of vasomotor centre activity. Single (or 
a few) fibre preparations were made by successively splitting the nerves. The nerve-slips were 
laid on saline-wick electrodes which were connected to a resistance capacity coupled amplifier and 
thence to a double-beam Cossor oscilloscope from which the potentials were photographed. In 
some instances an electromyogram of the diaphragm was also recorded from a concentric needle 
electrode (Adrian & Bronk, 1929) inserted through the abdominal wall just below the costal 
margin and connected through a similar amplifier to the oscilloscope. 


RESULTS 
Changes in the arterial CO, and O, contents 
Fig. | illustrates the changes, in the gaseous composition of the arterial blood, 
commonly seen in the course of diffusion respiration. This figure records the 
changes in the arterial CO, and O, contents of three dogs during the first 
30 min of diffusion respiration. Similar alterations occurred in the cat. The 
pre-diffusion respiration blood samples were withdrawn towards the end of the 
period of denitrogenation, after the animals had been breathing pure oxygen 
for at least 45 min. The arterial CO, contents at this stage ranged between 
28-5 and 36-5 vol. %. When diffusion respiration began the CO, contents rose 
sharply to reach 52-58 vol. °% after only 5 min, and then continued to rise 
more gradually to be between 67 and 80 vol. % at the end of 30 min. These 
values for the arterial CO, content, high as they are, do not by themselves 
reveal the relatively enormous rise of the arterial CO, tension, since the rise in 
the CO, content resulting from the increasing CO, tension is partially masked 
by a fall in the CO, combining power of the blood. This fall in CO, combining 
power is due to the metabolic acidosis which occurs in diffusion respiration. 
We have previously shown (Joels & Samueloff, 1956) by means of logarithmic 
CO, dissociation curves that the arterial CO, tension after 30 min of diffusion 
respiration is generally between 200 and 220 mm Hg and subsequently rises 
even higher. Throughout the period of the experiments shown here there was 
virtually no change in the arterial oxygen content in any of the dogs. The 
arterial oxygen capacity of the blood of all three dogs was determined at the 
same time as the oxygen content, and in each case was slightly below the 
corresponding content. This rise of the oxygen content above the corresponding 
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capacity during the period of diffusion respiration is due to the animal having 
breathed 100° oxygen and having thereby increased the amount of oxygen 
dissolved in the blood. It appears from these findings that alterations in the 
activity of the medullary centres during diffusion respiration cannot be 
attributed to a deficiency in the volume or the tension of oxygen in the arterial 
blood. On the other hand, the medullary centres must be greatly affected by 
the marked rise in the arterial CO, tension and content. 


90 
80 
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20 i 
30 | 
15 breaching || Diffusion respiration, 
0 5 10 15 20 25 30 


Minutes. 


Fig. 1. Changes in the arterial CO, and O, contents of three dogs during 30 min diffusion respira- 


tion. The same symbol is used for the CO, contents and O, contents of each dog. The initial 
samples were drawn after the dogs had been breathing 100% oxygen for at least 45 min. 
When diffusion respiration commenced there was an initial very rapid rise in the CO, 
contents, followed by a more gradual increase. The O, contents of the individual animals 
remained virtually unaltered throughout the period of the experiments. 


Effects on respiration, blood-pressure and heart-rate | 
Fig. 2 (a) is taken from a representative experiment in a dog in which deep 
thiopentone anaesthesia was used to arrest the respiratory movements by 
depressing the respiratory centre. During the first 5 min of diffusion respira- 
tion the blood pressure remained at its control value of 150 mm Hg. The heart 
rate was likewise :nchanged and the cardiac rhythm remained regular. The 
striking difference during diffusion respiration was the complete absence of 
the rhythmic variations in the blood pressure which accompanied the respira- 
tory movements in the control record. 
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Fig. 2 (6) illustrates the changes observed in an anaesthetized dog, in which 
the respiratory movements were arrested by completely paralysing the 
respiratory muscles with succinylcholine. . In complete contrast with the 
experiment shown in Fig. 2 (a), rhythmic variations in the blood pressure not 
only continued after diffusion respiration had begun but became exaggerated. 
The rhythmic blood-pressure fluctuations rapidly increased in amplitude 
until after 2-3 min they showed a swing of 70 mm Hg. The mean level of 


(5) 

Fig. 2. Blood-pressure variations during diffusion respiration in a dog. Kymograph speeded at 
intervals to show individual heart beats. (a) Left-hand record shows rhythmic fluctuations 
normally present in the blood pressure. At arrow diffusion respiration followed arrest of 
respiratory movements by 87-5 mg thiopentone. The rhythmic blood-pressure variations 
completely disappeared. (6) At arrow diffusion respiration followed injection of 25 mg 
succinylcholine. The normal rhythmic blood-pressure fluctuations continued and were 
accentuated. Sinus arrhythmia can be seen on faster portions of record. 
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arterial blood pressure rose above the control value of 125 mm Hg, being 
175 mm Hg after 15 min diffusion respiration. This rise in blood pressure was 
probably due to the increase in the arterial CO, content which, in the similar 
experiments illustrated in Fig. 1, was between 58 and 69 vol. % after 15 min 
diffusion respiration. 

However, during the first 5 min of diffusion respiration shown in Fig. 2 () 
there was little change in the arterial blood pressure. The rise in blood pressure 
occurred later in the record and the corresponding period is not shown in 
Fig. 2 (a). Thus in this initial 5 min period at least there is little difference 
between the effects on the mean blood pressure of diffusion respiration during 
respiratory paralysis produced by thiopentone or by succinylcholine. 

Fig. 2 (6) also shows that sinus arrhythmia was present during diffusion 
respiration produced by succinylcholine. Rhythmic variations in heart rate 
accompanied the rhythmic variations in blood pressure, there being an increase 
in rate accompanying the rise in blood pressure and a decrease during the fall. 
Electrocardiographic records taken at intervals throughout the period of 
diffusion respiration enabled these changes in heart rate to be measured. 
Fig. 3 shows a record of the blood pressure 13 min after diffusion respiration 
had begun. The time intervals between the peaks of the successive R waves on 
the electrocardiogram taken at the same time were measured and plotted 
beneath the corresponding portion of the blood pressure record. The R-R 
intervals varied from 0-40 to 0-46 sec during the course of each blood-pressure 
wave, indicating a. change in heart rate of from 150 to 130 beats/min. 

It is seen, therefore, that when diffusion respiration was established under 
deep thiopentone anaesthesia there was complete disappearance of respiratory 
variations in the blood pressure; when succinylcholine was used to paralyse 
respiratory movements the blood-pressure variations which followed the 
control respiratory rhythm became more marked, and the cardiac rhythm, 
previously regular, showed marked sinus arrhythmia. 

The normal respiratory fluctuations in the blood pressure are generally 
attributed either to the mechanical effects of the chest movements, the so-called 
respiratory pump mechanism, or to a phasic irradiation from the respiratory 
centre to the vasomotor centres, this irradiation being synchronous with the 


respiratory discharge. Our results show that the blood-pressure waves were 


absent when the respiratory centre was paralysed by thiopentone (and the 
respiratory muscles thereby inactivated), but were still present when the 
respiratory muscles were paralysed by succinylcholine, but the respiratory 
centre was unaffected. The blood-pressure variations in diffusion respiration 
after ‘paralytic’ doses of succinylcholine can therefore be attributed to an 
irradiation from the respiratory to the vasomotor centre. Under these experi- 
mental conditions the sinus arrhythmia which developed cannot be attributed 
to rhythmic discharges from the lungs or heart resulting from respiratory 
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movements, We suggest therefore that the sinus arrhythmia also was due to 
irradiation from the respiratory centre. During normal breathing this irradia- 
tion was presumably inadequate to produce obvious fluctuations in heart rate. 


Fig. 3. Sinus arrhythmia during diffusion respiration. The figure shows a portion of the tracing 

obtained from a dog, 13 min after the beginning of diffusion respiration under succinylcholine 
| paralysis, An ¢@.c.g. was taken during the period between the arrows, the R-R intervals were 
measured and have been plotted beneath the corresponding portion of the blood-pressure 
record. The presence of sinus arrhythmia is clearly shown. . 


When the blood pressure was recorded throughout diffusion respiration 
| during succinylcholine ‘paralysis’, changes were seen in the rhythmic varia- 
tions. The rapid increase in the amplitude of these waves, which occurs early 

in diffusion respiration, has already been illustrated, Fig. 2 (6). Fig. 4 is from 
a similar experiment on a dog in which the blood-pressure waves also showed 
this initial increase. Seven minutes after diffusion respiration had commenced 
(Fig. 46) these variations had gradually decreased in amplitude till they were 
| Only slightly larger than those seen during normal breathing, though their 
mae was only about half the control’ value. The waves continued to 
in size, and after 30-35 min of they 
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Fig. 4. Changes in the rhythmic arterial blood-pressure fluctuations during diffusion ae 
in a dog. (a) Before diffusion respiration; blood pressure fluctuations 

respiratory rhythm. (b) 7 min after respiratory movements arrested with 20 mg a. 
choline; rhythmic blood-pressure fluctuations still present. Sinus arrhythmia can be seen, 
(c) 34 min after commencement of diffusion respiration; blood-pressure fluctuations are just 
disappearing. (d) After 35 min artificial respiration; rhythmic blood-pressure fluctuations 
have returned even though respiratory movements are absent. 
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altogether (Fig. 4c). The blood-pressure record at this stage resembled that 
seen when respiratory movements were arrested by thiopentone. The sinus 
arrhythmia seen in Fig. 4 (6) disappeared at almost the same time as the 
blood-pressure waves vanished; this observation supports the suggestion that 
the rhythmic fluctuations in both blood pressure and heart rate had a common 
origin in an itradiation from the respiratory centre. We attribute the initial 
increase and subsequent decline of these fluctuations to the steadily mounting 
arterial CQ, tension which was illustrated in Fig. 1. During the early stages of 
diffusion respiration this rising CO, tension presumably stimulated the 
respiratory centre and the intensity of its irradiation to the vasomotor and 
cardiac centres consequently increased, thus accounting for the large swings in 
the blood pressure and the sinus arrhythmia. Later, however, the further rise 
in the arterial CO, tension depressed the medullary centres; ultimately the 
respiratory centre ceased to discharge and the blood-pressure record resembled 
that seen during diffusion respiration under deep thiopentone anaesthesia 
when the respiratory centre was paralysed ab initio. 

Fig. 4 (d) shows that the blood-pressure variations may return (in the 
Scolinized animal) after 20-40 min of artificial respiration, although spon- 
taneous respiration was still absent. It may be assumed that at this stage the 
artificial ventilation had lowered the CO, tension sufficiently to permit the 
return of a regular discharge from the respiratory centre, even though the 
respiratory movements were still absent owing to the continuing peripheral 
action of the succinylcholine. 


Action potential studies 

In the following experiments respiratory and vasomotor centre activity was 
studied by recording the action potentials in the central end of the recurrent 
laryngeal and of the cervical sympathetic nerves respectively. Diffusion 
respiration was maintained during succinylcholine paralysis. : 

Fig. 5 illustrates the activity of the respiratory centre in a cat during 
diffusion respiration. During normal breathing there were simultaneous dis- 
charges, synchronous with inspiration, in the recurrent laryngeal nerve and in 
the electromyogram from the diaphragm (Fig. 5a). Soon after respiratory 
movements had been arrested by succinylcholine there was, of course, no 
diaphragmatic discharge, but the discharge of the respiratory centre as 
evidenced by the recurrent. laryngeal activity was still continuing, though at 
aslower rate (Fig. 5b). This slower rate may be attributed to the absence of the 
Hering-Breuer reflex from the immobile lungs. Eventually this respiratory 
centre activity also ceased, the arterial CO, tension having by then presumably 
reached depressant levels (Fig. 5c). After a brief period of artificial respiration, 
spontaneous breathing returned with the reappearance of rhythmic activity 
in both the recurrent laryngeal nerve and the electromyogram (Fig. 5d). The 
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-latter potentials were still very small owing doubtless to some persistent 
peripheral depressant action of the succinylcholine. Though this resumption 
of diaphragmatic activity is only just perceptible in the figure (5d™.), it 
was clearly visible on the larger scale of the original record. 


Fig. 5. Respiratory centre discharge during diffusion respiration in a cat as illustrated by activity in 
the recurrent laryngeal nerve. In each strip the upper record (N.) is from the central end of the 
recurrent laryngeal nerve and the lower record (m.) is an electromyogram from the diaphragm. 
Time in seconds. (a) Control period; with each inspiration there are synchronized bursts of 
activity in the recurrent laryngeal nerve and the electromyogram. (5) 10 min after respira- 
tory movements arrested by succinylcholine; the rhythmic recurrent laryngeal discharge is 
still present but there is no diaphragmatic activity. The small spikes in the latter record are 
the electrocardi ‘breaking through’. (c) After 47 min diffusion respiration ; the rhythmic 
discharge in the recurrent laryngesl nerve has néw also disappeared. (d) 63 min after the 
return of spontaneous respiration; the rhythmic recurrent laryngeal discharge has returned 
and the electromyogram shows accompanying diaphragmatic activity. 


Fig. 6 shows the activity of the respiratory centre (as shown by recurrent 
laryngeal nerve potentials) and also that of the vasomotor centre, the latter 
being represented by the action potentials in the central end of the cervical 
sympathetic. During normal breathing (Fig. 6a) there was a continuous 
discharge in the cervical sympathetic which waxed and waned at regular 
intervals, each increase being synchronous with a burst of activity in the 
recurrent laryngeal nerve. Since the bursts of recurrent laryngeal activity 
were synchronous with inspiration, as shown by the diaphragmatic electro- 
myogram (Fig. 5a), the periodic increases in the cervical sympathetic discharge 
must likewise have been synchronous with each inspiration. One minute after 
diffusion respiration under succinylcholine had begun (Fig. 66) both the 
recurrent laryngeal and the cervical sympathetic discharges were intensified, 
though their rhythms were slightly slower. This continued synchronization of 
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rhythmicity in the respiratory and vasomotor centre discharges in the absence 
of respiratory movements confirmed that the rhythmic blood-pressure fluctua- 
tions were due to an irradiation to the vasomotor centre from the respiratory 
centre, when the latter had been stimulated by the rise in CO, tension of the 
arterial blood. Fifteen minutes later (Fig. 6c) the respiratory discharge in the 
recurrent laryngeal nerve had considerably diminished in intensity as the CO, 
tension reached depressant levels. The vasomotor centre, as evidenced by the 
cervical sympathetic potentials, showed at this stage a non-rhythmic tonic 
discharge of low intensity, suggesting that the weakened central respiratory 
discharge did not affect the vasomotor centre. 


Fig. 6. Respiratory and vasomotor centre activity during diffusion respiration in a cat as illu- 
strated by the action potential discharges in the recurrent laryngeal and cervical sympathetic 
nerves. In each strip, records from above downwards; recurrent laryngeal nerve (N.), central 
end of cervical sympathetic nerve (c.s.), time in seconds. (a) Control period; there is 
a rhythmic discharge in the recurrent laryngeal nerve, each burst of impulses being accom- 
panied by an increase in the cervical sympathetic discharge. (b) 1 min after the beginning of 
diffusion respiration; synchronization of the recurrent laryngeal and cervical sympathetic 
activity is still present. Both discharges are intensified. (c) After 16 min diffusion pespiration ; 
the recurrent laryngeal discharge is diminished in intensity and the cervical sympathetic 
discharge no longer shows any rhythmicity. 


DISCUSSION 
Schweitzer (1945) suggested the followimg classification of the main rhythmic 
fluctuations of the arterial blood pressure: 

(i) Fluctuations due to cardiac activity. 

(ii) Fluctuations due to respiratory activity: (2) mechanical effects of the 
respiratory pump mechanism; (b) Traube-Hering waves, synchronous with 
respiration, and due to irradiation of impulses from the respiratory to the 
vasomotor centre. 

(iii) Fluctuations of blood pressure due to rhythmic variations in vasomotor 
centre tone, which are independent of respiration and are always much slower in 
rate (Sigmund Mayer waves, 1876). 
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The original observations of Traube (1865) with regard to the irradiation of 
impulses from the respiratory to the vasomotor centre were confirmed by 
Hering (1869) and many others. Hering wrote: ‘We have adequately proved 
that the vascular system shows respiratory fluctuations which are associated 
with the respiratory movements, and which, like the latter, originate rhythmic- 
ally from the so-called respiratory centre’. 

It is these latter fluctuations, due to irradiation of impulses from the respira- 
tory centre, that are recorded in our experiments. The variations classified by 
Schweitzer as being due to the mechanical effects of the respiratory pump 
mechanism had been abolished with the arrest of respiratory movement. 
Mayer waves were not observed in our records. Anderson, Kenney & Neil 
(1950) pointed out that such waves appear in conditions of low blood pressure, 


impaired circulation or anoxic anoxia, none of which was present in our’ 


experiments. 

The persistence of the respiratory blood-pressure variations and nt 
laryngeal nerve activity after respiratory movements have been abolished by 
succinylcholine confirms that the source of the variations does not lie in the 
respiratory pump mechanism. The absence of these fluctuations when diffusion 
respiration was induced by paralysing the respiratory centre with thiopentone 
proves that they originate in the respiratory centre itself. As there was no fall 
of the blood pressure in the experiments using thiopentone, we conclude that 
this degree of medullary depression did not greatly affect the vasomotor centre. 
The results taken as a whole indicate that these blood-pressure variations are 
due to modification of the vasomotor centre activity by impulses arising in the 
respiratory centre. 

The appearance of sinus arrhythmia during diffusion respiration under 
succinylcholine paralysis showed that there was also irradiation from the 
respiratory centre to the cardiac centre. The accentuation of the sinus 
arrhythmia during the early stages of diffusion respiration may be correlated 
with the increased recurrent laryngeal and cervical sympathetic discharges at 
this period, which indicated an increased irradiation from the respiratory to 
the other medullary centres. The respiratory origin of the sinus arrhythmia is 
confirmed by its absence once the blood-pressure variations have ceased. Thus 
an alternative demonstration is provided of Heymans & Heymans (1926) 
classical ‘isolated head’ experiments on the origin of sinus arrhythmia. 


SUMMARY 


1, The activity of the medullary centres and its relation to respiratory blood 
pressure variations was investigated during diffusion respiration induced 
_ during either deep thiopentone anaesthesia or paralysis of the respiratory 
muscles by succinylcholine. 
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2. The rhythmic blood-pressure variations were absent during diffusion 
respiration induced under deep thiopentone anaesthesia which depresses the 
respiratory centre; they were still present during diffusion respiration when 
the neuromuscular blocking agent succinylcholine was used to arrest respiratory 
movements. Since the blood-pressure variations cannot then be attributed to 
the ‘respiratory pump’ action of the breathing movements, the findings 
indicate that the rhythmic blood-pressure variations during diffusion respira- 
tion are due to an irradiation from the respiratory to the vasomotor centre. 

3. Sinus arrhythmia appears during diffusion respiration induced under 
succinylcholine paralysis and can likewise be explained by an irradiation from 
the respiratory to the vasomotor centre. This irradiation is presumably 
subthreshold during normal quiet breathing since sinus arrhythmia does not 
then occur. 

4. The recurrent laryngeal nerve still exhibits rhythmic bursts of action 
potentials after respiratory movements have been arrested by succinylcholine. 
Thus the respiratory centre still discharges during diffusion respiration under 
these conditions. 

5. During normal breathing the discharge in the cervical sympathetic nerve 
is increased with each burst of inspiratory impulses in the recurrent laryngeal 
nerve. This synchronization of cervical sympathetic and recurrent laryngeal 
discharges persists after arrest of respiratory movements by succinylcholine 
and confirms that there is an irradiation from the respiratory to the vasomotor 
centre in these circumstances. 

6. Both the rhythmic blood-pressure variations and the discharges in the 
recurrent laryngeal and cervical sympathetic nerves are increased during the 
early stages of diffusion respiration. This increase is later followed by a gradual 
disappearance of the blood-pressure variations and the rhythmic nerve dis- 
charges. These changes may be attributed to the great rise in the CO, tension 
during diffusion respiration, which initially stimulates but subsequently 
depresses the medullary centres. 


We wish to thank Professor Samson Wright for his advice and criticism throughout these 
experiments and Dr E. Neil for his help and guidance in the action potential studies. One of the 
authors (M. 8.) desires to thank the Humanitarian Trust and the Friends of the Hebrew University 
for a grant for living expenses during the period of this investigation. 
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METABOLISM, GROWTH AND RENAL FUNCTION 
OF PIGLETS IN THE FIRST DAYS OF LIFE 


By R. A. McCANCE anv E. M. WIDDOWSON 
From the Medical Research Council Department of Experimental Medicine, 
University of Cambridge 
(Received 14 March 1956) 


Since the discovery of uric acid infarcts in the kidneys of new-born infants 
there has always been a smouldering interest in renal function at and soon 
after birth. Schlutz & Pettibone (1915); Baélint & Stransky (1920), Sedgwick 
& Ziegler (1920), Lucas, Dearing, Hoobler, Cox, Jones & Smyth (1921) and 
Sherman, Pucher & Lohnes (1925) showed that nitrogenous end products 
might be retained in the first few days of life, and McCance & Widdowson 
(1947) that the concentration of urea in the body fluids of perfectly normal 
breast-fed infants went up for 48-72 hr after birth, and thereafter fell. The 
last authors were inclined to attribute this to ‘immaturity’ of renal function 
and to anhydraemia which is the inevitable result of unsupplemented breast 
feeding for the first 48 hr of life. Schultze & Halvorson (1949) found that the 
urea in the blood of new-born rats rose after birth, even if the animals were 
normal. McCance & Otley (1951) confirmed this and extended the observation 
to pigs. Since these animals begin to suck very soon after birth, anhydraemia 
became an unsatisfactory general explanation. Attempts were made to find 
a better one, but the work which was carried out on rats only served to reveal 
the complexities of the problem. 

McCance & Strangeways (1954) and McCance & Widdowson (1954a, 6, 1955) 
took up the problem again in human infants, and babies who were given no 
food and only limited amounts of water for the first 48 hr. of their lives were 
investigated. Two results with a direct bearing upon the problem were at once 
obtained. The first was that the breakdown of tissue protein in normal babies 
during starvation was small by adult standards. This tended to reduce the 
formation of urea and the necessity for its excretion, and consequently the 
‘ork which the kidney was called upon to do. The second was that the break- 
down of tissue protein was quite as important as the urea clearance in deter- 
mining the concentration of urea found in the body fiuids 48 hr after birth. It 
was found, for instance, that when the breakdown was rapid, as it might be 
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after a prolonged or difficult labour, the urea clearance was seldom great 
enough to prevent the concentration of urea in the serum rising to two or three 
times its value at birth. The variability of tissue breakdown, even among 
normal infants, had not been appreciated before, and the increase after 
a prolonged labour helped to explain some very high blood ureas in new-born 
infants reported in the literature as being due solely to defective renal function. 
The present work on pigs was undertaken in order to explore the matter 
further. There was an added interest in that in piglets, as in human infants, 
unexplained syndromes had been described, characterized by a very high 
blood urea and attributed only to defective renal function (Green, Kernkamp, 
Roepke & Winters, 1949; Madsen, Earle, Heemstra & Milller, 1944; Morrill, 
19524, b, c). With these the paper is not directly concerned but, as is so often 
the case, ‘le choix intelligent d’un animal présentant une disposition heureuse 
est souvent la condition essentielle du succés d’une expérience et de la solution 
d’un probléme physiologique trés-important’ (Bernard, 1865), and these 
experiments have gone a long way towards explaining the relative importance 
of the various mechanisms regulating the level of blood urea shortly after birth. 


EXPERIMENTAL ARRANGEMENTS 


The piglets were all the product of an original cross between a pure-bred Wessex and a Large 
White, mated for the subsequent generations with pure-bred Large White boars. The sows were 
farrowed in a clean concrete sty and during labour as much colostrum as possible was obtained. 
As the piglets were born they were removed to a clean warm room, weighed and placed in a large 
box. As soon as five good animals of about the same size had appeared they were each placed 
in a rabbit cage 14 x9 x 10in. resting on a square funnel made of Perspex. A sheet of nylon 
gauze stretched just below the cage caught the faeces and prevented them dropping into the 
urine, which was collected in a jar placed below the funnel. 

The usual procedure has been to give one of the five piglets sow’s milk. This was obtained 
beforehand by milking a sow according to the directions given by Braude (1954), and thereafter 
keeping the milk at — 20° C till it was required. The second piglet was sometimes given sow’s milk, 
if enough was ready and available, and sometimes an equicalorific concoction made up from 
evaporated cow’s milk cream and casein, or from evaporated milk and pig’s serum containing 
enough red cells to make the mixture resemble a raspberry ice cream. The practice has been to 
start feeding these two animals on colostrum, and to continue with it for a few feeds or until the 
supply was exhausted. This was done to confer some immunity to gastro-intestinal and other 
infections, but infections and diarrhoea have not been troublesome, whether the animals were 
given colostrum or not. The animals were fed 2-hourly from a large syringe by stomach tube and 
it required two persons to do this satisfactorily. 20 ml. were usually given at first and the volume 
increased by 2 or 2-5 ml. at each feed till a volume of 35 ml. had been reached. The third animal 
was given the same volume of 15% glucose in water for the first two or three feeds and subse- 
quently of 10% or 5% glucose. The fourth piglet was given volumes of water equal to those of the 
milk, and the fifth animal was given no food or water. The experiments were terminated if any 
one of the five animals was showing signs of distress or exhaustion. The whole experiment was not 
terminated when, as happened on one occasion, the food got into the trachea of one of the pigiets 
and it died. The room temperature was usually between 20 and 22°C, but in one experiment 
any difference to the comparative results. 
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Blood was not removed at birth from piglets to be used for the experiments. The figures for 
urea and creatinine in the serum at birth were obtained by analysing either the blood of one of the 
litter-mates or of the sow taken shortly before labour. The latter was considered justifiable in 
a sow, although it would not have been so in a woman if the labour had subsequently turned out 
to be a prolonged and difficult one (Crawford, 1939; McCance & Colbourn, 1955). When it was 
decided to terminate an experiment, blood was withdrawn from each piglet by cardiac puncture 
and the animal immediately killed by a blow on the head. The liver, kidneys and heart were 
removed for analysis. Next, the piglets which had been left with the sow were weighed. Blood 
was removed from one by cardiac puncture and this animal was killed and the organs removed for 


analysis. Ear veins of the others were incised and enough blood collected for the determination of 
urea. These piglets were then returned to the sow. 

The urine passed by the piglets was collected under toluol. Most animals seem to empty their 
bladders immediately after birth, and it is thought that the collections represent all the urine, but 
only the urine formed from the time of birth till the experiment finished. No urine was ever lost 
during the feeding of the animals and any found in the bladder at death was included in the volume 
for measurement and analysis. 

The chemical methods and the way used to calculate the protein breakdown have all previously 
been described (McCance & Widdowson, 1954a, b). In calculating the piglet’s clearances of urea 
and creatinine the values taken for the concentrations in the serum have been those found (a) in 
the serum of the sow at delivery or in that of the litter-mate at birth, and (5) in the serum of the 
individual piglets at death. 


RESULTS 


Eight litters of piglets have been used for this work, but no two experiments 
have been exactly the same since (1) the duration varied with the state of the 
animals and the endurance and skill of the investigators, (2) the treatment of 
the second piglet varied in the earlier experiments, (3) an animal on glucose 
was not included in the plans for the first four experiments, and (4) an animal 
was accidentally killed in one experiment. Consequently, the only animals 
that can properly be compared are the litter-mates used in any one experiment. 
Nevertheless the results have been so clear-cut that further work scarcely 
seemed necessary. The last four experiments resembled each other in that the 
treatment of the animals was the same. They differed only in the volumes of 
fluid administered and in the time for which they lasted. The results of these, 
therefore, have been given as averages in the tables. 

Table 1 sets out the problem which has confronted everyone interested in 
the course of the blood urea soon after birth. It shows the serum urea of a sow 
just before delivery and the rise in serum urea of ten of her litter 48 hr later. 
These piglets were being reared by the mother in the normal fashion and they all 
grew and throve well. At first no. 9 was unable to find a teat, but the accidental 
death of an eleventh piglet about 24 hr after birth allowed no. 9 access to food. 
The table shows: (1) the concentration of urea in the body fluids rose in all the 
piglets with the exception of no. 2—it more than doubled itself in nos. 6, 7 and 
10; (2) the extent of the rise was very variable; (3) the extent of the rise bore 
no relationship to the gain in weight. The average results from two other litters, 
with standard deviations, are also given in the table. In one of them the piglet 
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which gained most weight (492 g) also had the largest fall in the concentration 
of urea in the body fluids (12-6 mg/100 ml.). These findings are quite typical 
and so similar to the observations on rats (McCance & Otley, 1951) or indeed 
to those on human infants (McCance & Widdowson, 1947) that conclusions 
reached about the nature and causes of these changes in piglets are likely to 
apply also to rats and babies. 


Tasix 1. Changes in the body weight and in the concentration of urea in the serum of piglets left 
with their mother during the first 48 hr of their lives 


Birth . Gain Rise in 
Piglet weight weight serum urea 
no. (g) (g) ml.) 
Litter A (ten piglets) 
Serum urea of sow 30 mg/100 ml. 1 1167 243 14-4 
2 1297 248 -12 
3 1202 150 24-6 
4 1200 302 20-4 
5 1067 220 10-8 
6 1017 125 31-0 
7 1387 330 37-8 
8 1107 265 11-2 
9 1097 — 35 2-0 
10 1477 298 64-6 
| Litter B (eight piglets) 
A results 8.D. (serum urea of 12754100 2544424 20-545-4 
sow 18-0 mg/100 ml.) 
Litter C (nine piglets) 


Average results s.p. (serum urea of 1279+96 3654703 57413-6 
sow 23-7 mg/100 ml.) 


TaBLe 2. Average changes in weight and blood chemistry of new-born piglets accorded different 
treatments during the first 32-42 hr of their lives 


Left by  atedcow’s 
with stomach 
mother tube mixture solution Water Nothing 
(g) 1158 1200 1225 1225 1292 1232 
Gain or loss of weight +303 +169 +342 -6 — 89 ~140 
Haematocrit % at 31-1 39-7 34-0 43-2 46-2 51-9 
urea at birth 204 04 04 04 204 
(mg/100 ml.) 
urea at death 55-4 30-4 45-1 2-5 35-7 42-5 
(mg/100 ml.) 
Serum protein at death 5-53 4-06 3-05 2-17 2-77 2-48 
(g/100 ml.) 
Serum Cl (m-equiv/1.) 98 101 116 101 95 103 
Serum Na (m-equiv/1.) 155 149 171 144 148 149 
Serum K (m-equiv/1.) 4-8 6-0 6-0 5-4 5-4 5:8 


Table 2 shows the average initial weight of the experimental piglets, the 
gain or loss of weight, the percentage of erythrocytes in the whole blood, the 
concentration of urea in the serum at birth and the concentration of protein, 
urea and mineral elements in the serum at death. The table includes results for 
animals reared entirely by the sow, and in the evaporated cow’s milk group 
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only those which were given the mixture containing adult pig serum and red 
cells. The duration of these experiments was 32-42 hr and the average length 
38 hr. The animals gained most weight on the evaporated cow’s milk mixture. 
They also gained weight quite satisfactorily on sow’s milk. They almost 
maintained their weight on glucose, lost weight on water alone and lost more 
weight when given nothing at all. These changes in weight were quite in 
accordance with expectation except for the large increase on the evaporated 
cow's milk mixture and this will be explained later. The figures for serum 
proteins demonstrate the influence of a free intake of colostrum and early milk 
in piglets (Widdowson & McCance, 1956). These proteins were always highest 
in piglets left with the sow, and among the experimental piglets only rose 
significantly when colostrum was administered by hand. The haematocrits were 
higher when the animals were given water or glucose than when they were 
given sow’s milk or the evaporated cow’s milk mixture, and highest in complete 
starvation. The height of the serum chloride is to be noted in the animals which 
received the evaporated cow’s milk mixture. This contained a higher concen- 
tration of salt than the other foods administered, and this high concentration 
of salt was partly responsible for the large gain in weight, the low value for the 
haematocrit, and other results to be given shortly. The concentration of urea 
in the serum rose most in the animals left with the sow, but it also went up in 
the animals fed by hand on sow’s milk, evaporated milk, and water. In com- 
parison with the animals given water it is perhaps surprising that complete 
starvation did not produce a greater rise. The fall in the animals given glucose 
was very striking. | 


TasBLe 3. Average water intakes, urine volumes and urea and creatinine clearances 
Sow’s milk Evaporated 


Volume fluid given (ml./kg/24 hr) 280 260 286 284 0 
Volume water given ite eh hr) 225 195 286 284 0 
Volume urine (ml./kg/24 hr) 132 46 212 260 37 
Urea clearance(ml./kg/min) 1-42 0-65 0-81 0-71 0-38 
Creatinine clearance (ml./kg/min) 1-44 1-32 0-89 1-14 0-85 


Table 3 shows the intake and output of fluids and the urea and creatinine 
clearances. Owing to the piglets seldom being quite the same weight, the 
volume of fluid given per kg of body weight varied somewhat from piglet to 
piglet, and the volume of water was affected also by the composition of the 
food. The figures are given on the first and second lines. The volume of the 
urine follows in the third line. It was largest in the animals given water alone; 
then come, in order, the volumes on glucose, sow’s milk, evaporated cow’s milk 
and on nothing. These differences developed soon after each experiment began 
and a glance at the jars of urine was usually enough to show what treatment 


tube mixture solution Water Nothing 
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any animal in the experiment was receiving. A comparison of these urine 
volumes shows two well-known facts from an unusual angle. The first is that 
growth in the true sense involves the deposition of water as well as protein and 
minerals, and when growth is intensely rapid in one group of animals and not 
in another its effects can be demonstrated clearly by a comparison of their fluid 
intake and urine volumes. The second is that the kidney of the new-born 
animal has a relatively low NaCl clearance and allows changes both in the 
volume and composition of its extracellular fluids which would never be 
tolerated by an adult. The high concentrations of sodium and chloride in the 
serum and the low value for the haematocrit (Table 2), coupled with the lower 
urine volume on evaporated cow’s milk than on sow’s milk, indicate what was 
happening. The urea clearance was highest on sow’s milk. The values were 
about half as high on evaporated milk, water and glucose, and very much 
lower when the animals were given no food or water. The creatinine clearances 
were highest in the animals given sow’s milk and evaporated milk, and 
appreciably lower in the animals given water, glucose or nothing. These 
differences are in keeping with the well-known facts that (1) a diet containing 
much protein raises the urea and creatinine clearances by raising the rate of 
glomerular filtration, and (2) the urea clearance falls more than the creatinine 
clearance when the volume of urine falls. 


Tase 4. Nitrogen balances (mg/kg/24 hr) 
Sow’s milk E porated 
by cow's milk Glucose 


N intake 3283 3890 0 0 0 
N excretion 353 342 166 251 150 
N balance + 2930 +3448 — 166 251 ~ 150 
N retained as % N intake 90 89 _— — — 
N appearing as end products 385 401 123 284 194 


-Table 4 shows the nitrogen balances, which are the most illuminating part 
of the results. The animals on sow’s milk and evaporated cow’s milk had intakes 
of 3283 and 3890 mg/kg/24 hr. The other groups had no nitrogen intake, and 
yet the nitrogen output was of the same order in all the groups. Consequently, 
the animals given the milks had enormous positive balances and retained 
about 90%, of the nitrogen in their diets. The nitrogen which appeared as the 
end products of protein metabolism was lowest, as might have been expected, 
in the animals given glucose; it was 284 mg/kg on water alone, and only 
401 mg/kg on evaporated milk. 

Table 5 shows the intake and excretion of potassium, sodium and chloride. 
There was considerable retention of all of them on sow’s milk and an even 
greater retention on the evaporated cow’s milk mixture. The balances were 
always negative on water and glucose solution and when no food or water was 
given, and the negative balances for potassium were greater than those for 
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sodium. The sow’s milk contained less potassium, sodium and chloride than the 
evaporated cow’s milk mixture, yet of the high intake on the latter relatively 
small amounts of the minerals were excreted and the amounts retained were 
over and above those required for the co-ordinated growth which the retention 
of nitrogen (Table 4) suggests may have taken place. This resulted in a rise in 
the serum sodium and chloride and to an expansion of the fluid spaces of the 
body of the order to be expected from the changes in weight and osmotic 
considerations. 


TasLe 5. Potassium, sodium and chloride balances (mg/kg/24 hr) 


cow’s 
tube solution Water Nothing 

K intake 304 695 0 0 0 

K excretion 46 264 40 126 15 

K balance + 258 +431 -40 — 126 -15 

Na intake 175 460 0 0 0 

Na excretion 12 18 6 i) 10 

Na balance +163 +442 -6 ~9 -10 

Cl intake 253 680 0 0 0 

Cl excretion 131 172 43 60 64 

Cl balance +122 +508 — 43 — 60 — 64 


The body, liver, kidneys and heart of thirteen new-born piglets were weighed. 
The liver amounted to 2-95 (s.p. + 0-31) % of the body weight, the two kidneys 
together to 0-82 (s.p. + 0-13) % and the heart to 0-70 (s.p. + 0-04) %. Table 6 
shows the weights of the body and of the organs at death, expressed as a per- 
centage of weights at birth, and Table 7 shows the weights of the organs at 
death, expressed as a percentage of the body weights. All the groups which 
were fed on milk gained weight, and so did their organs, but the liver increased 
proportionally more than the body. The kidneys and heart just about kept 
pace. The animals given water or nothing lost weight, but their kidneys and 
hearts and particularly their livers lost proportionally more. The animals given 
glucose did not lose weight, but their kidneys and heart did. There was a small 
increase in the weights of these animals’ livers, probably due to the deposition 
of glycogen. Table 8 shows the average percentage of water and nitrogen in the 
organs of the different animals, and in the case of the liver the concentration of 
fat as well. The animals that had been fed on the evaporated milk mixture had 
more fat in their livers than any of the others and, although glycogen was not 
estimated, it is evident from the amount of undetermined matter that the 
livers of the piglets which had been given glucose probably contained at least 
10°% of glycogen. So far as the hearts and kidneys are concerned the striking 
thing is the similarity in composition from one group to another, rather than 
any particular differences. 


Sow’s milk Evaporated 
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‘Case 6, Final weights as percentage of birth weights 
Left Sow’s milk Evaporated 
with by stomach milk Glucose 
mixture 


cow's 
tube solution Water Nothing 
Whole body 126 1l4 128 100 93 89 
Liver 139 141 135 106 60 58 
Two kidneys 129 103 133 73 75 68 
Heart 123 lll 112 92 95 84 


TaBLE 7. Organ weights as percentage of body weights 
Left Sow’smilk Eva 
with by stomach smilkk Glucose 
At birth mother tube mixture solution Water Nothing 


Liver 2-95 3-26 3-65 3-13 3-14 (1-88 1-94 
Twokidneys 0-82 0-83 0-74 0-85 0-63 0-66 0-60 
Heart 0-70 0-68 0-68 0-61 0-65 0-71 0-66 


Tasie 8. Composition of the organs (g/100 g) 
Left Sow’s milk Evaporated 
with by stomach cow's milk Glucose 
mother tube mixture solution Water Nothing 


Liver 
Water 78-8 75-6 74-7 753 78-0 78-6 
N x 6-25 14-0 12-4 12-5 8-2 16-6 16-9 
Fat 1-9 2-4 5-2 1-3 1-9 1-4 
Heart 
Water 82-2 82-1 81-9 83-1 82-9 82-8 
N x 6-25 13-5 13-8 14-2 12-8 13-7 13-8 
Kidneys 
Water 83-0 83-0 83-4 84-2 83-7 83-1 
N x 6-25 13-2 12-7 12-2 12-3 11-9 13-3 
DISCUSSION 
The object of the experiments 


These experiments were planned to throw light on the relative importance of 
the mechanisms which control the concentration of urea in the body fluids in 
the first 36-48 hr of the pig’s life. They have shown that the capacity of the 
animals to grow—i.e. the balance in them between anabolism and catabolism, 
whether starving or well fed—is by far the most important. When piglets are 
given a satisfactory mixture of amino acids and the necessary mineral and 
energy requirements they convert 90% of the nitrogen they ingest in a full 
diet into body protein. With this deposition of protein goes an equivalent 
deposition of minerals; and sow’s milk contains only a moderate excess. Con- 
sequently the stability of the internal environment can be maintained by the 
excretion of relatively little solid matter and the kidney is sufficiently developed 
functionally to do this. The kidney could not maintain the stability of the 
internal environment without this intense capacity for growth, and the break- 
down of the normal balance between food and growth was no doubt the cause 
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of the uraemia which Schultze (1949) described in new-born rats, and McGinnis, 
Hsu & Graham (1948) in newly hatched chicks. It may also explain similar 
findings in new-born piglets (Madsen et al. 1944; Green ef al. 1949) and in 
Campbell & Dales’s (1952) patient with sclerema neonatorum. It may be 
stated with some confidence that the concentration of urea in the body fluids 
of these piglets would have risen to great heights if the only protein in the diet 
had been gelatine, for on this protein little growth would have been possible. 
These experiments have also demonstrated some of the effects of increasing the 
intake of sodium chloride beyond the requirements for co-ordinated growth. 

It was thought when the experiments began that the protein in the food 
might promote rapid growth and maturation of the kidney, and thus account 
for the initial rise and subsequent fall of the blood urea in new-born animals. 
The changes in the weight and glomerular filtration rate of the kidney under 
the different experimental regimes were relatively small, however, and of the 
size to be expected from work already carried out on the adults of other species. 

The urea clearance was higher in the,well-fed animals than in the starving 
animals, and the formation of urea not much greater; consequently the con- 
centration of urea 36 hr after birth was about the same in both groups. Had the 
protein nitrogen in the food all been converted to urea, however, the concen- 
tration of urea in the serum of the piglets which had been fed would have been 
about 1200 mg/100 ml. at the end of 36 hr. 

The administration of glucose and water reduced the catabolism of tissue 
protein and maintained the urea clearance sufficiently to lower the concentra- 
tion of urea in the serum to a level which is extremely low for a mammal. 


Comparison with the human 

The glomerular filtration rate is very low just after birth and in starving 
human infants the urea clearance is only about 0-3 ml./l. body water/min; in 
pigs it is about 0-5 ml./l./min. Whether the concentration of urea in the body 
fluids rises or falls depends upon (a) the magnitude of the clearance, (b) the 
concentration of urea in the body water, and (c) the rate of urea synthesis, 
which depends in turn upon the rate of protein breakdown. In new-born 
infants and probably in all young animals the catabolism of protein is very low 
by adult standards. In terms of nitrogen it amounts to about 80 mg/kg/day in 
human babies who are given no food and very little water, and 200 mg/kg/day 
in starving new-born piglets, This means the addition of 245 mg of urea to each 
litre of human body water per day and 535 mg to each litre of piglet body water. 
In the absence of all renal function, therefore, the concentration of urea in the 
body fluids would rise only by 24-5 and 53-5 mg/100 ml./day in the human and 
piglet respectively. 
If it is assumed that the urea clearance of the starving new-born piglet 
remained constant, then a clearance of 0-5 ml./l. body water/min, i.e. of 
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720 ml./l. body water/24 hr. would have got rid of 2/100 x 720 mg of urea/|. 
body water/24 hr where z is the mg urea/100 ml. of serum water. Whether the 
production of 535 mg of urea/l. of body water will raise or lower the concentra- 
tion of urea in the serum depends upon the level in the serum (z). In the 
instance quoted 2/100 x 720 =535, therefore s=74. At concentrations of urea 
in the serum below 74 mg/100 ml. the production of 535 mg of urea/l. of body 
water per day would raise the concentration, while at concentrations above 
74 mg/100 ml. and with the same urea clearance of 0-5 ml./l. body water/min, 
this production of urea would allow the concentration of urea in the serum to 
fall. A similar calculation shows that the critical level for the concentration of 
urea in the serum of new-born babies is 57 mg/100 ml. This agrees satisfactorily 
with observations made by McCance & Widdowson (1955). 

Although the rapid growth of the animal was by far the most important 
factor in maintaining the concentration of urea in the plasma within normal 
limits, the nitrogen appearing as end products of protein metabolism was 
somewhat higher in the fed than in the unfed animals. This would have tended 
to raise the concentration of urea in the body fluids more had it not been for 
the fact that food containing protein stimulated, probably by virtue of the 
amino acids in it, the maturation of the processes involved in glomerular 
filtration, and hence raised the urea clearance. The immediate effect upon the 
concentration of urea in the body water depended upon whether the contribu- 
tion to the synthesis of urea or the increase in the excretion of urea was the 
greater, but, as was demonstrated by McCance & Otley (1951), the latter 
nearly always predominates in the end, and the concentration of urea in the 
body water falls. Figures are not available for the effects of food in the first 
48 hr of human life, but the results presented in the present paper enable some 
estimate of its effects in piglets to be made. Thus, in piglets given sow’s milk by 
stomach tube, whose average intake of nitrogen was 3283 mg/kg/24 hr, the 
catabolism of protein amounted to 385 mg/kg/day, which was about twice as 
much as that of the piglets receiving nothing. The average urea clearance of the 
fed piglets, however, was 1-42 ml./kg/min or 1-8 ml./l. body water/min, which 
was more than three times as high as that of the starved piglets. This was why 
the concentration of urea in the body fluids of the fed piglets was maintained 
at a similar or even a lower level, despite the enormous turnover of nitrogen 
going on inside their bodies. 


Homoeostatic mechanisms of the new-born 
The concentration of urea in the body fluids of the new-born animal is the 
result of a delicate balance. In adults there is no complication due to growth, 
and variations in the food make so little difference to the serum ‘chemistry’ 
that they are usually neglected. The present experiments make it clear that 
@ much wider view must be taken of these processes in the new-born, and at least 
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two other important factors must be taken into account in considering how the 
stability of the internal environment is maintained. The first of these is the 
capacity of the animal to grow and the second is the composition of the food. 
The latter takes one back to a consideration of the mother or, in the case of 
many human infants, to that of the bottle. Few who have designed diets for 
babies have appreciated that they were taking over the major responsibility 
for maintaining the stability of the miheu intériewr. Further work is being 
carried out on this subject. 
SUMMARY 

1. Five piglets in each of four successive litters were reared by hand from 

birth to about 40 hr of life and given:equal volumes of either (1) sow’s milk, 


hr) an evaporated cow’s milk mixture, (3) solutions of glucose and (4) water. 


e fifth animal was given nothing. 

2.. The animals given the sow’s milk or the evaporated milk mixture gained 
weight and retained as body protein 90%, of the N in their food. 

3. The N appearing as end products of protein metabolism in the groups 
amounted in (1) to 385 mg/kg/24 hr, in (2) to 401, in (3) to 123, in (4) to 284, 
and in (5) to 194 mg/kg/24 hr. 

4, The urea clearances were higher when the intake of protein or the 
volumes of urine were high, but the differences were not great. 

5. The concentration of urea in the body fluids fell to a very low level in 
group 3 to which solutions of glucose were administered and rose in the other 
four groups. 

6. Food increased the weight of the liver proportionally more than that of 
the body. The absence of food decreased the weight of the liver and kidneys 
proportionally more than that of the body. 

7. The evaporated milk mixture contained more NaCl than the sow’s milk 
and considerable retention of NaCl followed its administration. 

8. The balance between anabolism and catabolism in the first 2 days of life 
is much more important than the relatively small variations in the urea 
clearance or the Cl clearance in maintaining the stability of the internal 
environment within normal limits. 


The authors are very grateful to Stan and Terry Cowen for their care of the animals and help 
with these experiments. 
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THE EXTRACTION OF IONS FROM MUSCLE BY WATER AND 
SUGAR SOLUTIONS WITH A STUDY OF THE DEGREE OF 
EXCHANGE WITH TRACER OF THE SODIUM AND 
POTASSIUM IN THE EXTRACTS 


By E. J. HARRIS anp H. B. STEINBACH* 
From the Department of Biophysics, University College London 
(Received 15 March 1956) 


Tracer studies reveal that part of the K (Harris, 1952, 1953) and part of the 
Na (Conway & Carey, 1955) of frog muscle do not equilibrate with the 
respective tracer applied to the outside. The question arises: what is the site 
of the unexchanged part in each case? It may happen that there are two 
distinct fractions present, one which exchanges fully, and the other relatively 
‘inexchangeable, or there may be a graduated ease of exchange as would arise, 
for example, if the ions were held on sites of differing energies of absorption 
or different distances from the periphery. The observation of Tobias (1950) 
that a small fraction of the Na cannot be leached out of muscle by 
prolonged soaking in distilled water suggests some firm binding for part of 
the Na. 

In the present paper the specific radioactivity of the Na or K has been deter- 
mined in successive extracts from muscles previously soaked in the respective 
tracer. The inextractable Na proves to acquire little radioactivity. The K of 
muscle and nerve proves to undergo a non-uniform degree of exchange with 
the tracer so that the specific activity diminishes in successive extracts. 
Furthermore, exchange of the final fractions is far from complete even after 
long pretreatment with tracer. 

A possible explanation for the behaviour of the K can be provided if 
movement of this ion takes place through long pores or in a matrix of fixed 
charges, In these conditions the rate of tracer movement against a net 
outward movement can become zero before full exchange has been 
reached. 


* Fellow, John Simon Guggenheim Memorial Foundation. On leave from the University of 
Minnesota, U.S.A. 
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METHODS 

The smaller skeletal muscles of the hindlimb of Rana temporaria were used. These usually included 
the sartorius, biceps, semitendinosus and peroneus. To determine tracer ion uptake in the exchange 
experiments the muscles were immersed for various times in a saline mixture containing 90 mm- 
NaCl, 30mm-NaHCO,, 1mm each MgCl, and CaCl,, and KCl 2mm or as stated. This was bubbled 
with 95% O, +5% CO,, giving a pH of about 7-4. According to the exchange being studied either 
the Na or the K salt was prepared from an irradiated sample of spectroscopically pure carbonate. 
After immersion the muscles were prepared for analysis and radioactivity assay either by wet 
combustion in nitric acid, or by dry combustion at 550°. 

For the study of the extraction of ions by water or sugar solution the muscles were first loaded 
by immersion in saline containing either tracer Na or K, and then they were immersed for a 
number of periods in successive portions of the extraction medium. The portions were then 
used for radioactivity assay, and analyses were made for Na and K, and sometimes for phosphate 
and CL. The sugar used was sometimes sucrose, sometimes glucose; results were similar. 

Alkali analyses were made using a flame photometer. Phosphate was determined by the 
Berenblum-Chain method, and Cl by the method of Schales & Schales (1941). 


RESULTS 
Sodium 
That not all the muscle Na will equilibrate with labelled Na in 4 hr at room 
temperature or in 16—20 hr at 4° is shown in Table 1. Usually between 4 and 
8 m-equiv/kg (average 5 m-equiv/kg) fails to exchange. Treatments which 
lead to increase of muscle Na do not noticeably alter the amount which 
remains unexchanged. 

The homogeneity of the muscle Na was examined as follows. The specific 
activity (8.a,=ratio radioactivity/content of Na) of the Na in the successive 
aqueous extracts of loaded muscles was measured. The results in Table 2 were 
obtained using about 1 g muscle (made up of five small muscles) which was 
passed through 50 or 25 ml. portions of water. Most (about 80%) of the 


TaB.e 1. Equilibration of muscle Na with tracer 


Na content Tracer Na 
content 
(m-equiv (m-equiv/kg (m-equiv 
Treatment tissue) 
Soaked 4 hr at 18-20° C 43-9 40-2 3-7 
44:3 37-6 6-7 
31-4 27-1 4:3 
49-1 45°5 3-6 
38-5 371 1-4 
Soaked overnight at 4° C 54-1 49-6 45 
49-6 48-9 0-7 
45-5 39-5 6-0 
41-6 37-2 4-4 
41-6 33-5 8-1 
35-2 30-3 4-9 
Soaked overnight at 4° C in 82-0 72-0 10-0 
150 mu-Na 
Soaked overnight at 4° C with 107-0 101-5 5-5 
10 ng/ml. strophanthin 
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muscle Na is extracted within | hr. The specific activity of this part is high, 
close to that of the pretreatment solution. The specific activity of the Na 
in later extracts falls. The value is however particularly low in the Na asso- 
ciated with the residual water-swollen tissue. This residue contains less than 
5%, of the total Na of thenormal muscle (cf. Harris & Steinbach, 1956, expt. 1a). 
The same procedure was repeated, but at the conclusion the muscle residue 
was divided into three, viz. the outer quarters (ends) and the middle. This 
showed that the ends contained about three times as much Na as the middle, 
while the specific activity of the Na in the ends was less than one-third of that 


TABLE 2. Specific activities and quantities of K and Na leached from muscles by serial 


extraction in water 
Specific activity Quantity 
Expt. Solution (counts/min/pequiv) (pequiv/g tissue) 
Na experiments 
1 Pretreatment in Not measured — 
tracer Na, 5 hr 
Extract, 0-1 hr 47,900 38-0 
Extract, 1-10 hr 37,400 8-0 
Terminal 1/4’s 3,460 3-47 
11,500 1-13 
2a Pretreatment in 31,000 —_ 
tracer Na, 4 hr 
Extraction of terminal 1/10’s 
Extract, 0-1 hr 31,000 40-8 
Extract, 1-24 hr 31,800 6-8 
Extract, 24-25 hr 13 
Residue (ends) 16 6-5 
2b Pretreatment in 31,000 — 
tracer Na 
Extraction of middle — of muscles 
Extract, 0-1 hr 31,000 22-0 
Extract, 1-24 hr 29,700 7-0 
Extract, 24-25 hr 2-0 
Residue (middle) 314 2-2 
K experiments 
3 Pretreatment in tracer K, 1,690 = 
4 mm, 16 hr, 14° C 
Extract, 0-20 min 1,150 5-2 
Extract, 20-70 min 840 12-9 
Extract, 70-280 min 7 680 29-4 
Residue 
Terminal 1/4’s 630 3-2 
Middle 500, 696 4-0 
4 Pretreatment in tracer K, 1,990 si 
14 mm, 16 hr, 14° C 
Extract, 0-20 min 1,550 8-5 
Extract, 20-70 min 1,400 13-5 
Extract, 70-280 min 1,160 29-5 
Residue 
Terminal 1/4’s 1,137 3-5 
Middle 1,280, 1,086 5-2 


Swelling of ends and middle assumed equal. Avene SOemee at end of extraction, was to 
1-2 x original weight. 
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of the Na in the middle part (Table 2, Expt. 1). Another trial in which the 
terminal tenths of the muscle were compared with the intermediate 8/10 
showed an even greater difference of specific activity ; the ends retained about 
three times as much Na as the middle per unit weight, but the specific activity 
of the Na in the ends was so low as to be measurable only with difficulty, 
while that of the Na in the middle section was appreciable (Table 2, Expt. 2). 

These results strongly suggest that a small fraction of the muscle Na is 
nearly inexchangeable and that it resists water extraction. It is associated 
with the ends of the muscle and therefore likely to be held in the connective 
tissue. Such connective tissue must differ from true tendon, for a trial with 
a piece of Achilles tendon showed that this did not retain inexchangeable Na 
more than did the middle part of the muscle. 


100 Specific activity of Na in portion of extract 


" 30 100 150 160 


Time (min) 


Fig. 1. Time-course of extraction of Na and K by water, with values of the specific activity of the 
extracted Na as percentage of the specific activity of the pretreatment solution. Total Na 


extracted, 39 m-equiv/kg; total K extracted, 61 m-equiv/kg. Extracellular space corre- 


sponding to fast Na fraction, 23%. Muscles loaded for 2 hr at 18° C were used. 


The time-course of the extraction by water of Na and K from a pair of 
sartorii which had been loaded with tracer Na is shown in Fig. 1. The figure 
shows also the specific activities of the Na in the successive extracts relative 
to that of the pretreatment solution. There is a gradual diminution of specific 
activity during the extraction, the sodium collected between 100 and 150 min 
had only 72% of the starting specific activity and that in the residue was 
about 10%. It is to be noticed that the change in specific activity is spread 
over a longer time than corresponds to the escape of the fast fraction of the Na. 


These 
from bo 
accuracy 
ofr CLIT 
activity 
Fig. 1 (a 
the expel 
N 
fre 
K and Na as 
% of total 
4 extractable K 
a amount Fig. 2. 
Specific activity frac 
q of Na in residue sali 
Na specific “a — (ends) tim 
activity as 
% of that of 
q pretreatment 
; solution In o 
the pa 
were | 
sitio 
| 
‘ | 
corres 
reache 
activit 
by 808 
q had s 
extrac 
The 
of ex 
tion o 


SODIUM AND POTASSIUM EXCHANGE IN MUSCLE 389 


These values, being ratios of radioactivity to amounts of Na found by analysis, include errors 
from both sources. The radioactivity measurements were made for sufficient time to obtain 3% 
accuracy or better. The analyses could usually be duplicated to 2% by taking a quick succession 
of readings of unknown and standard, but the method becomes less reliable when Na concentration 
is low, as encountered in the terminal samples. If we claim an overall accuracy for the specific 
activity of within 10% at the end of the experiment the reduction seen in the terminal extract in 
Fig. 1 (a value of 72% of the original) is still highly significant. The lesser reduction seen during 
the experiment retains significance because the accuracy of the analyses improves. 


100 
T 
Na content 
(uequiv/g 
fresh tissue) Na specific activity 
100 
Specific 
Na extracted overnight sctivicy 
Specific activity of Na |] as % of 
extracted by boiling. 4 —maximum 
with water found 
¥ 
i 
‘9 i 


Time (min) 

Fig. 2. Time-course of extraction of Na by water, with relative specific activities of the Na in the 
fractions. The muscles had been pretreated for 5 hr at 18° in tracer, then washed in ordinary 
saline for $ hr at 18° C and finally extracted with water. The maximum specific activity is 
about 25% of that of the pretreatment solution. The fast-moving fraction of the Na (half 
time 1 min) corresponds to an extracellular space of 25-9%. 


In order to see whether a preliminary wash in unlabelled saline would alter 
the pattern of the specific activity of the extracted sodium a pair of muscles 
were loaded for 5 hr, then washed for } hr in saline and finally extracted with 
portions of water (Fig. 2). The time-course of the loss of total Na shows a fast 
fraction (half time 1 min) corresponding in amount to the Na in 25-9% 
extracellular space. There is initially a significant rise of the specific activity 
corresponding to removal of the inactive extracellular Na. The specific activity 
reaches a maximum at 1 hr and then falls. While the reduction of specific 
activity of the terminal extracts is of little significance, the sodium extracted 
by soaking overnight, and the further quantity obtained by boiling the tissue, 
had specific activities significantly lower than the maximum found in the 
extraction. 

Potassvum 

The degree of equilibration of muscle K which is reached depends on time 
of exposure, temperature and K concentration in the solution. In confirma- 
tion of previous results (Harris, 1953) it was found that 20 hr in 2-5 or 4 mm-K 
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at 14° C would give an exchange of 50-60%. Treatment in 12 mm-K for the 
same time gave 72-5°% exchange. 

Muscles which had been loaded with tracer K by soaking for 20 hr were 
examined by the water extraction procedure. The specific activity of the 
K in the extracts diminished, the greatest change being in the first hour, during 
which less than one-third of the total K is removed. A succession of samples 
taken between 70 and 280 min, and the residual K in the tissue itself, did not 
show great differences (other results are given under ‘ Kinetics’). No significant 
difference between ‘ends’ and ‘middle’ was seen (Table 2, Expts. 3 and 4). 


Time (min) 


Fig. 3. Time-course of extraction of K and Na from frog sartorius plus semitendinosus muscles 
by water. Parallel experiments on two paired sets of muscles gave similar analytical results; 
one set is plotted. One set of muscles had been pretreated in tracer K (1-5mm) for 3 hr at 19° C, 
the other set at 2° C. The horizontal bars show the ratios of the specific activities of the K in 
the water extracts to the specific activity of the K in the pretreatment solution. 


It is noteworthy that there can be a large difference between the specific 
activity of the pretreatment solution and that of the K in the first extract. 
The difference between the specific activity of the fraction and that of the 
pretreatment solution is the greater the lower the external K concentration 
used, but the succession of activities is similar. Fig. 3 shows the quantities 
and specific activities of the K removed from sets of paired muscles which had 
been loaded at different temperatures (2° and 19° C) in 1-5 mm-K solution for 
3 hr. Asis to be expected, the total amounts of K removed are nearly identical 
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but the specific activities differ. It is striking that the difference of the specific 
activities is in the earlier portions of K extracted rather than in that remaining 
after 4 hr, and the K contents of the residues have undergone very similar 
degrees of equilibration. 
Kinetics of extraction 

The time-courses of the extraction of tracer and total Na and K have been 
observed. Fig. 4 shows the quantities of Na, K, Cl and phosphate extracted. 
The results are given as fractions of the amounts which water removes from 
the tissue in 4 hr; this is nearly all the Cl and K, but some Na and much 
combined phosphate remains unextracted. 


0 50 100 150 
Time (min) 
Fig. 4. Time-course of extraction of K, Na, Cl and phosphate by water. The values plotted are as 
percentages of the extractable quantities which were: K=61l-5pequiv, Na =35 equiv, 
phosphate 23 umole (as phosphorus), Cl = 25-2 nequiv, from 1 g tissue. 


Considering Fig. 4, together with Figs. 1 and 3, the following points may be 
made. 


(2) Loss of muscle K to water can be described as a first-order reaction with 
rate constant 0-6-1-2 hr-!. The variation of rate may well be due to the 
different sizes of the muscles used. A lag of 10-15 min may be present before 
_ loss sets in at the full rate (Figs. 3, 4). 10-15 min is required for diffusion to 
clear the extracellular spaces. 
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(b) The rate constant for loss of phosphate to water is about the same as 
that for K loss (Fig. 4). 

(c) After an initial rapid phase the removable part of the Na is lost at about 
the same rate as the K. 

(d) The specific activity of the K falls most in the first 30 min (Fig. 3). 
Therefore in the first hour the loss of radioactivity is more than proportional 
to the loss of total K, i.e. the more exchanged K is the part which is first 
leached out. 

(e) The specific activity of the Na is more nearly uniform than that of the K, 
but a residual fraction of Na associated with the tissue (5% of the total) 
undergoes little turn-over with the tracer. 

(f) Most (85%) of the Cl is extracted in the first 30 min (Fig. 4). 


Tasiz 3. Cations and anions extracted from muscle by water and isotonic sugar solutions, Na, 
K, Cl and P measured as described in text. In calculating total anions (A), HCO, was 
assumed present in one-third the chloride concentrations. P equivalents calculated as 
1} times molar P concentrations. Initial weights of mixed muscles, 1 g each for H,O and 
sugar solution. Each wash: 50 ml. for times indicated 


Amounts extracted (m-equiv/kg fibre water) 


Wash 
number Na+K Cl+P+HCO, 
(time, min) Na (B*) Cl ( Bt-A™ 
(1) Water extraction 
) 18-9 20-3 15-7 2-2 23-1 — 2:8 
2 (5-15) 6-7 12-4 4-2 6-0 11-6 +08 
3 (15-35) 4-3 15-1 1-7 10-6 12-9 +22 
4 (35-65 4-0 20-7 2-0 10-9 13-6 +71 
5 (65-110) 2-2 15-3 0-7 10-9 11-8 +45 
6 (110-170) ll - 120 0-7 5-2 6-1 +59 
7 (170-230) 0-8 5-9 0-2 2-4 2-7 +3-2 
(2) Sugar extraction 
1 (0-5 17-6 18-7 14-2 2-6 21-5 —2-8 
2 (5-15) 6-2 71 4-2 0-7 6-3 +08 
3 (15-35) 4-0 5-4 2-2 0-7 3-6 +18 
4 (35-65 4-2 6-7 2-0 1-5 4-2 +25 
5 (65-110) 19 5-5 (5-2) 18 —_— _ 
6 (110-170) 1-4 6-8 9 +3-9 
7 (170-230) 0-5 5-4 0 3-4 3-4 +2-0 


The first two points suggest that the loss of K is determined by the rate at 
which organic phosphates can break down to provide anions to accompany the 
K ions. Pretreatment of the muscles followed by extraction in solutions of 
various enzyme poisons (dinitrophenol, mercuric chloride) have not shown 
marked alteration of the rate. 

It may be questioned whether the cell membrane survives the swelling the 
water causes. Muscles can be exposed for 15 min to a mixture of 2 mm each 
of NaCl, KCl and CaCl,, and recover excitability in normal saline, with 
tensions up to 80% of the original. Longer exposure does cause irreversible 
damage. A simple and effective way to slow down the loss of K and of 
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phosphates is to maintain tonicity by means of sugar; either glucose or sucrose 
serves. Table 3 shows the time-courses of K, Na and phosphate loss to glucose. 
Evidently in this solution in which the cells do not swell both K and inorganic 
phosphate are but slowly liberated. For comparison: in water, from 1g 
muscle in 1 hr K loss is 34-6ymole, phosphate loss is 29,mole; in sugar 
K loss is 5-9umole, phosphate loss is 5-5amole. In sugar the changes of 
specific activity of the K released from loaded muscles are but slight because 
so little is lost. | 

In water there is an initial loss of about half the total Na in 10 min, corre- 
sponding to washing out of the extracellular NaCl+NaHCO,. Thereafter, 
the rate of loss becomes parallel with that of both K and phosphate; so it is 
likely to be determined by the same factor as K loss, namely the requirement 
of electro-neutrality. 

Balance sheets have been drawn up (Table 3) for the loss of ions to successive 
extracts of muscle made in water and isotonic glucose. In each extraction 
medium there is an initial deficit of cations which, however, might well be 
accounted for by such ions as Mg, Ca and NH, which were not measured or 
estimated. In subsequent portions of extract there appears an anion deficit. 
This also may be partly accounted for by failure to measure bicarbonate 
(which, in our calculations was assumed to wash out in proportion to the Cl 
of the extracellular spaces), but it probably also indicates a loss of some organic 
anions comparable, perhaps, to those observed in yeast (Rothstein & Enns, 
1946). The balance sheets for the two extraction media are qualitatively 
strikingly similar and may be interpreted as indicating that similar limiting 
factors (i.e. availability of diffusible anions) are determining cation leakage 
from muscle in both cases. 

The time-courses of total sodium loss to water and to sugar are qualitatively 
and quantitatively similar, and also resemble the exchange of isotopic Na in 
saline (Fig. 5). The curves show an initial more rapid loss similar to that found 
for tracer Na (e.g. Harris & Burn, 1949). By extrapolation of the subsequent 
slower-moving fraction back to zero time it is possible to estimate the 
quantities of extracellular and intracellular Na, and to construct a diffusion 
curve for the former. Extracellular spaces so estimated were 20-26%, which 
correspond to values found concurrently using inulin. The slight decrease in 
tate of loss to water as compared to sugar and salt solutions can be partly 
accounted for by the increase in size of the muscle during swelling. At the 
time of maximum swelling (c. 15-30 min) the weight of the muscles may 
be nearly doubled with a 40% increase in mean diffusion distance. 

In a pair of experiments the K concentration in the saline, or sucrose, was 
changed from zero to 4 mM during the run. The tracer Na output to saline 
was thereby accelerated, but the output to sucrose was not affected. That 
K ions in low concentration (4 mm) in glucose do not affect the tracer Na 
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movement was also shown in a pair of experiments made respectively in 
glucose and in glucose+ KCl. The conclusion is that the part of the Na efflux 
which does not require K ions will go on in the absence of external ions. This 
means that a change from saline containing K to sugar will cause a decelera- 
tion of output since the K-contingent part of the Na efflux is stopped. The 
reduced rate in sugar was described by Harris (1950). 

The part of the efflux which continues in sugar solution cannot be an ion 
exchange. The cell is the only source of ions. If the internal K ions first 


displaced Na ions from the peripheral sites before they themselves were shed . 


from the cell the observation that the sum (Na+K) lost per unit time is 
constant (in sugar) could be accounted for. 


100 


0 100 

Time (min) 

Fig. 5. Time-course of extraction of sodium (found by analysis) from muscle in water and sugar 
solutions, and of the exchange of tracer Na in saline solution. Two parallel experiments were 
made in water and are in close agreement. @, water; @, saline; O, glucose; @, sucrose. 


Distribution of the tracer in the muscle 

Diffusion in the extracellular spaces delays the exchange of the cellular K, 
cells in the interior of the muscle are less exchanged than those of the peri- 
phery so long as movement continues (Harris & Burn, 1949). Our results 
showing the non-uniform exchange of the K might then be no more than 
a confirmation of delay occasioned by diffusion. There are difficulties in 
explaining why K uptake will cease before full exchange ia reached which are 
not accountable by diffusion alone. An attempt was made to choose between 
the possibilities of (a) non-uniform exchange across the mass of the muscle, 
and (5) non-uniformity within or between cells, by the following variations 
of the leaching method. 
An experiment was made on a set of small muscles (average mass 20 mg). 
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These were loaded for 5 hr at 20° in 2-3 ma-K saline. The amounts and specific 
activities of the K obtained were: 


Specific activity 
relative to 
Time tment 
interval Percen solution 
(min) of total (%) 
0- 11 15-6 56-5 
ll- 22 30 39 
22-135 Remainder 34 (in each of three extracts) 


The figures point to the exchange in all but the most easily removed K being 
more uniform in the small muscles. 

The other variant tested was to load sartorii and then to cut longitudinal 
sections of the frozen muscle. The muscles were rinsed for a few minutes in 
K-free solution, laid flat on moist filter-paper on the freezing microtomespecimen 
holder and frozen. One might expect to find that the first and last sections 
would show a higher specific activity than intermediate sections. In three such 
experiments where three or four major sections were obtained the K in the 
intermediate section(s) had a specific activity the same, or close to that of the 
K from the outer sections. The figures obtained were: 


Specific activities relative to that of loading solution (%) 
Outer Middle Outer 
Conditions of loading section section(s) section 
5 hr in 2 mu-K 21-4 22-6 23-3 
2 hr in 4 mu-K 23-0 21-7, 22-8 24-3 
6 hr in 4 mu-K 54 55 56 


These values do not indicate a gross variation across the thickness of the 
sartorius, but they do not exclude a small quantity of high specific activity 
being present on the outer surfaces. | 

The conclusion to be drawn from these results is that non-uniform exchange 
is less marked in small muscles than in sartorii, but that there is no evidence 
for a gross variation of exchange in the thickness of the sartorius. 


Nerve 

Similar extraction experiments were made on medullated nerve as this 
material is now often the subject of tracer studies. Fig. 6 shows the time-course 
of the extraction of the K and Na of a desheathed frog sciatic nerve. The nerve 
had first been soaked for 3.hr in 2 mm-K saline containing tracer K. The 
specific activities of the K in the extracts were measured, and are shown on 
the figure. One sees that the specific activity of the nerve K is not uniform, it 
falls roughly in proportion to the amount of K remaining at any time: that is, 
the exchangeability of the K is proportional to the extractability. 
This result shows that studies of the movement of tracer K from (or into) 
this nerve do not reveal the actual movements of K, for the internal K is not 
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a ‘well-mixed pool’. Movement will depend upon the rate of internal mixing 
as well as upon membrane properties. The discrepancy between tracer and 
true K movements is illustrated in Fig. 7. A nerve loaded for 3 hr with tracer 
K was soaked in portions of K-free saline. Counts and analyses of the portions 
gave the data for the time-courses of tracer K and K losses. Tracer K loss 
shows a rapid initial phase much less evident in the K loss. A similar result, 
showing only 50% exchange of the later fractions of K, was found when the 
nerve had been exposed to the tracer solution for 16 hr at 10° C. 


195 30 100 150 

Time (min) 

Fig. 6. The time-course of the extraction by water of K and Na from desheathed frog sciatic 
nerve (24 mg). The nerve had been soaked for 3 hr in 2mm tracer K solution at 19°. The 
horizontal bars show the specific activities of the K in the extracts as percentage of the 
specific activity of the K in the pretreatment solution. Accuracy: the quantities of K 
appearing in successive samples are about 0-1 wequiv; analysis of these amounts is estimated 
to be correct to 0-01 wequiv, so the positions of the specific activity bars have an uncertainty 
of one-tenth of their value shown on the figure. 


Swelling of the nerve is slow compared with that of muscle. Only after 
8 min was the volume change obvious, and it developed in the next 20 min. 
The extent of equilibration of the nerve K with tracer exceeds that attained 
by muscle under comparable conditions. 

An experiment made on desheathed nerve soaked for 2 hr in tracer Na 
showed that exchange of the water extractable Na was nearly complete and 
uniform. 
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Removal of Na and K by water from bull-frog nerve has been used by 
Shanes & Berman (1955a) as an analytical procedure. Their data show a 
behaviour similar to that which we find for these ions. From intact nerves 
90% of the Na and 40%, of the K was removed in 2 hr. There was 1-2 pequiv/g 
of both ions left in the tissue after 24 hr. 


06, 


wr 


1 
Time (hr) 

Fig. 7. The time-course of the loss from a desheathed nerve (24 mg) of tracer K and of total K 
to K-free saline solution. Note that different units are used for the two curves. In equivalent 
units the tracer K curve would lie well below the other curve as exchange was far from 
complete. 

DISCUSSION 
We shall first mention briefly the behaviour of Na, which presents the simpler 
case. There is a fraction of comparatively inexchangeable Na, probably 
associated with muscle connective tissue. How the ion is held is unknown; 
it may even be built in during growth. Whether the less freely exchanged Na 
indicated in Figs, 1 and 2 forms part of this depot is uncertain, but the 
existence of such material means that the results of tracer Na experiments will 

depend upon the time of loading (cf. Harris, 1950). 

Of the intracellular Na, much is lost in the first hour of water extraction 
(Table 3). This behaviour would be consistent with the idea advocated by 
Carey & Conway (1954) that part of the muscle Na exists in a region not 
normally occupied by K ions with the proviso that ions in this region are 
either less adsorbed or more accessible than the others. 

The rates of loss of Na to water and to sugar are similar, and close to the 
rate of exchange in saline (Fig. 5). This is remarkable since electroneutrality 
requires anion liberation in the first two cases and not in the third. A great 
difference in rate of loss of K to water and to sugar is found; comparative 
figures for total K extracted in 10, 40 and 70 min are: in sugar 2-3, 3:8, 
5-5 nequiv/g, in water 4-6, 19, 29-5uequiv/g. The rate of K loss is dependent 
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upon the generation of anions, which is faster in water than in sugar solution. 
In some way swelling leads to formation of phosphate groups from the muscles’ 
store of phosphate esters. 

It is striking that the ratio of Na/K in water extracts becomes nearly 
constant after the faster moving portion of the Na has been washed out. This 
can be inferred from the parallelism between Na and K curves in Figs. 1 and 3. 
It is likely that the ratio found between the two ions represents the true 
proportion holding within the cells. It would be of interest to examine the 
correlation between it and the active membrane potential. Examples of 
values of the Na/K ratio may be mentioned. Extracts from a muscle pre- 
treated in 1-5 mm-K saline had Na/K =0-36. Exposure to media with raised 
K concentration (44 mo in saline or 115 mm in phosphate mixture) for 10 min 
led to ratios of 0-08-0-11. No evidence could be obtained for a gross change of 
the ratio such as might have been expected if the short pre-treatment had 
removed Na from an outer zone without having had time to remove it from 
the interior. 

Treatment of muscles with water leads to 50-100°% increase of volume 
within 30 min. During this time the muscles reversibly lose irritability and 
ability to contract. More prolonged treatment leads to loss of intracellular 
material and loss of excitability. Tobias (1950) notes, however, the persistence 
of a considerable membrane potential for many hours. During the initial 
period of water extraction Na and Cl are lost from the extracellular space. 
Following this K and phosphate appear in increasing amounts. 

We now turn to the exchange of muscle K with tracer K. The non-uniformity 
of labelling we have described may be a general phenomenon. Solomon & 
Gold (1955) have shown that the K of erythrocytes does not behave homo- 
geneously. Cells after exposure to tracer solution will liberate K of higher 
than average specific activity to a wash solution. This was interpreted as 
meaning that two fractions of unequal exchangeability were present. 

Some variation in specific activity in any composite system will be imposed 
by the variable dimensions of the cells: a cell with small size and high surface/ 
volume ratio will equilibrate faster than a larger cell. For blood cells this 
source of variability will be of small importance but it may be significant in 
muscle and nerve. Carey & Conway (1954) have discussed the distribution of 
fibre sizes in the sartorius in relation to the kinetics of K exchange; they, 
however, were concerned with a small readily exchangeable fraction (cf. Harris, 
1953) which comprises 1-3%, of the total K. Another source of variability of 
exchange is the possibility of cells differing in ‘permeability’. Our results for 
muscle could be fitted either (i) by assuming some cells are fully exchanged 
and that these break down in water with a different time-course to the break- 
down of other less completely exchanged cells; or (ii) that the K first extracted 
from all cells is the most exchanged part, leaving a residue with lower specific 
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activity. In (i) the amount of fully exchanged K would not have to exceed 
7% of the total, The pattern of exchange against distance may either be 
periodically repeated from fibre to fibre, if internal mixing within the cells is 
slow compared with movement between exterior of the muscle mass and the 
interior of the mass; or the non-uniformity may reside over the whole volume 
of the muscle without regard to the cells. In the latter case penetration into 
the muscle mass must have been made slow by the outer cells acting as sinks 
for the tracer during its diffusion. Non-uniformity on this account should 
diminish with time of exposure to the tracer solution. But exchange was in 
fact found to be still non-uniform after 20 hr exposure. 

We should like to suggest that the persistence of non-uniform exchange, 
and also the incomplete exchangeability of muscle K when low external K 
concentrations are applied (Harris, 1953; McLennan, 1955) arises because 
much of the internal K movement in the muscle takes place between adsorp- 
tion sites in the cellular material rather than by random diffusion. Movement 
between sites present in the cells requires a place to be made for each ion before 
itcan move on. Places are made in abundance when a net stream is moving in 
the direction of tracer movement, while tracer entry against a stream is made 
improbable because the ions are constantly being swept out. The suggestion 
will apply equally to K movement into a single cell, or into an assembly of 
cells between which diffusive movements are relatively slow compared with 
permeation. The observation that full exchange of muscle K will take place in 
media having raised K concentration (Harris, 1952) supports the suggestion 
since in high K media there is a net inward movement of K instead of more or 
less net loss (leak). In addition, mobile anions enter the muscle cell when it is 
placed in raised K concentration; these could accompany K ions in the cells 
permitting free diffusion to go on in parallel with site-to-site movement. 

The non-uniform exchange seen in medullated nerve may be explicable in 
a similar way if we imagine that the major exchange is through the nodes. The 
tracer would then require to move along the internode. Diffusion as in free 
solution would lead to near equilibration of an internode 1 mm half length in 
15 min, yet we find incomplete and non-uniform exchange after many hours. 
While we have not been able to exclude that packing of the nerve fibres does 
not hinder radial movement of the K into the bundle, such hindrance would be 
expected to show in studies of Na movement where turn-over proves to be 
rapid. (The half time of the slower component of Na is about 10 min at 25°, 
Shanes & Berman, 19550.) 
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SUMMARY 


1. The time-courses of the extraction of K, Na, Cl and phosphate by water 
and by sugar solutions from frog muscle have been examined. 

2. Similar experiments have been made using muscles which had first been 
loaded with either radioactive Na or K. The cation contents and radioactivities 
of the extracts were measured. 

3. It is shown that most of the Na extracted from muscles loaded for over 
2 hr is of nearly uniform specific activity (radioactivity/unit quantity Na) but 
some Na remains in the muscle residue which is only slightly radioactive. 
This part of the Na is found more at the ends of the muscle than at the middle, 
suggesting that it is present in connective tissue. 

4. The radioactive K extracted from muscles which have been loaded 
either for 3 hr or 16 hr is not of uniform specific activity, the first extracts 
(c. 30 min in water) contain K of higher specific activity than subsequent 
extracts, but all extracts show a lower specific activity than that of the 
loading solution. The degree of exchange is increased as the external K con- 
centration is increased. 

5. The K and the intracellular part of the Na are accompanied by phosphate 
ion in the extracts. Some additional anion is also required to preserve an 
electrical balance. The rate of extraction of the cations may be determined by 
the rate of liberation of phosphate from organic compounds. 

6. Experiments on desheathed sciatic nerve show that the K in this tissue 
also does not attain a uniform specific radioactivity. 

7. A consequence of the non-uniformity of exchange of muscle and nerve K 
is that the movement of tracer K will not be a measure of the trans-membrane 
flux, the rate of internal mixing also being involved. It is suggested that the 
K ions may be held on a matrix of adsorption sites in the cells; this can explain 
the observed failure of the tracer K to mix fully and to undergo complete 
equilibration with the K in the tissue. 


Part of the expenses of this work were met from a grant from the Government Grants Committee 


of the Royal Society. One of us (E.J.H.) receives a grant for scientific assistance from the Medical 
Research Council. 
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RELEASE OF 5-HYDROXYTRYPTAMINE (SEROTONIN) AND 
HISTAMINE FROM PLATELETS BY TISSUE EXTRACTS 


By C, C. TOH 
From the Department of Physiology, University of Malaya, Singapore 
(Received 20 March 1956) 


In the dog 5-hydroxytryptamine (serotonin) has been found to be released 
from the gastro-intestinal tract and absorbed by platelets (Toh, 1954). 
Although the pharmacological actions of this substance are now well known, 
little evidence has yet been obtained to indicate its role in animals either in 
health or in disease. If 5-hydroxytryptamine is to be utilized it is clear that it 
must be first released from the platelets in which it is contained. In fact it has 
been suggested that the local release of 5-hydroxytryptamine from damaged 
platelets may play a part in haemostasis by virtue of its vasoconstrictor 
action (Zucker, 1947; Rand & Reid, 1952). Although there is no doubt that 
5-hydroxytryptamine is released from platelets which have been damaged, it 
is hardly likely that such a method of release could be the procedure by which 
release of the amine is effected in undamaged organs where the amine is 
utilized. 

In this paper evidence is brought forward to show that a potent substance is 
present in extracts of some tissues, which can liberate 5-hydroxytryptamine 
from either platelets present in heparinized blood or from isolated platelets. 
Histamine, which is found together with 5-hydroxytryptamine in rabbit 
platelets, is also released by the extracts. This release of pharmacologically 
active amines from platelets is independent of the blood-clotting process and 
is not mediated by tissue thromboplastin. 


METHODS 


Dogs and rabbits were anaesthetized with phenobarbitone (Nembutal). A short glass cannula, 
previously treated with silicone, was inserted into the femoral artery of dogs or the carotid artery 
of rabbits and joined to a short length of polythene tubing for collection of blood. 

Preparation of platelets. Blood which had been collected in sodium ethylenediamine tetra-acetic 
acid (Versene)—0-1% in blood—was centrifuged at 3000 rev/min for 4 min. The platelet-rich 
plasma was pipetted off and centrifuged at 3000 rev/min for 15 min. The platelet layer at the bottom 
of the centrifuge tube was then dispersed in Ca*+-free fluid whose composition is given below. The 
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suspension was next centrifuged at 3000 rev/min for 2 min to sediment residual red cells. The 
platelet supernatant was pipetted off and again centrifuged at the same speed for 10 min. The 
platelet layer was resuspended in suspension fluid and further centrifuged at 3000 rev/min for 
2 min to remove any remaining red cells and agglutinated platelets. The platelet-rich supernatant 
was pipetted off and, if necessary, stored in the refrigerator for use the next day. 

Calcium-free suspension flwid. This was essentially similar to that devised by Tullis (1951) for 
the preservation of lencocytes and used by Humphrey & Jacques (1955) for their suspensions of " 
platelets. The composition of the fluid has been modified as follows: 


% 
NaCl 0-75 
KCl 0-02 
NaHCO, 0-1 7 vol. 
Na acetate 0-1 
Gelatin 0-1 


m/15 Na phosphate buffer pH 7-6 1 vol. 


Preparation of red blood cells. Blood was centrifuged at 3000 rev/min for 4 min and the platelet- 
rich plasma discarded. Portions of the red blood cell layer were removed from the bottom of the 
centrifuge tube and suspended in the Ca**-free fluid described above. This suspension was then 
centrifuged at 3000 rev/min for 4 min and the supernatant discarded. Portions of the red cell 
layer were withdrawn and re-suspended ; the suspension was once more centrifuged as before so 
that finally only red cells were obtained without white cells and platelets. 

Tissues for extraction were obtained from animals which had been bled to death under 
anaesthesia, or from animals killed in the abattoir. 

Alcohol and acetone extraction. 3 ml. of either alcohol or acetone were added to every gram of 
minced tissue, and the mixture was left overnight in the refrigerator. The extract was filtered off, 
evaporated to dryness under reduced pressure and the residue taken up in a suitable volume of 
distilled water. The extract was filtered through paper before use. 

Acid and alkali extraction. 1-5 ml. of either x/5 HCl or x/5 NaOH were added to every gram of 
minced tissue. Extraction was carried out at a temperature between 50 and 60° C for 30 min and 
the temperature of the extract then rapidly raised to 85° C for 1-2 min. The extract was strained 
to remove insoluble residue and the pH of the filtrate brought to 8-0—8-5 with n/5 HCl in the case 
of the alkali extract, and to 6-5-7-0 with n/5 NaOH in the case of the acid extract, Any insoluble 
precipitate was centrifuged off and the supernatant was decanted through glass wool and its 
volume measured. Before use the extract was filtered through paper. 

Dialysis of plasma, 5 ml. of plasma was dialysed in a cellophane bag against 10 ml. of 0-9 % (w/v) 
NaCl solution. The dialysis was carried out with continuous rocking for 1-5 hr and the dialysate 
was then used for the assays. The 5-hydroxytryptamine or histamine content of the plasma sample 
was estimated by multiplying its concentration in the dialysate by 3 (Toh, 1954). 

Assay. 5-Hydroxytryptamine was assayed on the atropinized rat’s colon and histamine on the 
guinea-pig's ileum treated with atropine and lysergic butanolamide 2-tartrate (Methergin) which 
were added to the bath in doses of 0-2 ug each. The volume of the bath in which these preparations 
were suspended was 20 ml. 

Coagulation time. Plasma from dog’s blood which had been collected in potassium oxalate 
(0-15°%) was used for estimating the effect of tissue extracts on coagulation time. Tissue extract 
(0-4 ml.) was added to the plasma (2 ml.) and excess CaCl, was then added to the mixture (0-2 ml. 
of a 10% CaCl, solution) contained in watch-glass. A glass bead was placed in the watch-glass and 
‘the clotting time taken when the bead no longer rolled on rocking the watch-glass. 


> 
4 
Sey 
5 
4 
é 


404 C. C. TOH 


RESULTS 
The occurrence of a serotonin liberator in tissue extracts 
Kidney, liver and lung tissues of dogs were separately extracted with alcohol, 
acetone, n/5 HCl and n/5 NaOH as described in the methods section. The 
extracts were added to dog’s blood collected in heparin (200 units/15 ml. 
blood), the amount added being calculated to provide the equivalent concen- 
tration of 50 mg tissue per ml. blood. The plasma obtained by centrifuging the 
mixture was dialysed against 0-9°, (w/v) NaCl solution and the dialysate was 
assayed on the isolated rat colon against 5-hydroxytryptamine (serotonin). 
Taste 1. Release of serotonin in blood by tissue extracts* 
pg serotonin per ml. plasma 
Alkali Acid Alkali Acetone Alkali Alcohol Alkali 


Kidney 0360 0024 0180 0036 0210 0-25 
Liver 0150 0024 0000 ooM6% 0060 0006 0060 009 


Expt. 1 Expt. 2 Expt. 3 
y 

plasma) (%) plasma) (%) plasma) (%) 
Kidney 0-24 100 0-21 100 0-45 100 
Liver 0-09 23 0-06 29 a ad 
Lung 0-03 13 0-05 21 
Muscle (skeletal) 0-006 2 0-006 2 


Extracts were added to blood to give equivalent of 50 mg tissue per ml. 


Little serotonin was found in the plasma from blood to which had been 
added extracts of lung. On the other hand, alkali extracts of kidneys released 
considerable amounts of serotonin from blood; the values found in four 
experiments ranged from 0-18 to 0-36 yg serotonin per ml. plasma. Alkali liver 
extracts were also effective in liberating serotonin from blood but were less 
active than alkali kidney extracts, releasing only 0-06-0-15 ug serotonin per 
ml. plasma. The conclusion which emerged from the results given in Table | 
was that extracts of these tissues prepared with acid, alcohol or acetone had 
little or no serotonin-releasing activity whereas extracts prepared with alkali 
were active serotonin liberators. 

A comparison of the serotonin releasing activity of various tissue extracts 
prepared with alkali is given in Table 2. Of the tissues examined it was obvious 
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that kidney provided the most active extracts. The activity of liver is about 
one-fourth of that of kidney. Lung tissue is even less active, possessing only 
about one-sixth of the activity of kidney. No serotonin-releasing activity was 
found with extracts of skeletal muscle, heart, spleen and skin. 


Release of serotonin from platelets by kidney extract 

As serotonin had been found to be released from whole blood by alkali 
extracts of certain tissues it became necessary to determine that this release 
could only occur from platelets. A number of experiments was carried out in 
which kidney extracts were added to isolated red blood cells, isolated platelets 
and plasma. No serotonin-like activity was found in platelet-free plasma to 
which kidney extract had been added in concentration of 50 mg tissue per 
ml. plasma. This negative result was obtained irrespective of whether the 
plasma had been derived from blood which had been only heparinized or from 
blood which had been collected in citrate or oxalate or Versene together with 
heparin. Similarly, no serotonin-like activity was found in a suspension of red 
blood cells (2-8 x 10° R.B.c./ml.) to which kidney extract had been added in an 
amount equivalent to 50 mg tissue per ml. suspension. 

On the other hand, kidney extracts did release serotonin from platelets 
suspended in Ca*+-free fluid. The results of experiments in which extracts of 
kidneys and suspensions of platelets from the dog and rabbit were used are 
given in Table 3. Except in one experiment (Expt. 1) the maximum amount of 
serotonin releasable by kidney extract was the same as, or approximated very 
closely to, the amount released by subjecting the platelets to the physical 
procedure of freezing and thawing. In Expt. 1 with dog platelets the maximum 
amount released by the kidney extract was greater than that found in the 
platelets, being 1-4 ug/ml. as compared to a serotonin content of 0-8 wg/ml. 
This, however, could be due to an inaccurate estimate of the serotonin content 
of the platelets as the platelets were frozen and thawed only once, leading to 
an incomplete disintegration of the platelets. In subsequent experiments 
complete platelet lysis was ensured by repeating the procedure of freezing and 
thawing three times. 

The amount of serotonin leaking from platelets into the suspension fluid was 
small in the case of the dog platelet suspensions, but was considerable with 
those from the rabbit, the leakage ranging from 0-01 to 0-06 ug/ml. in the 
former and 0-15-0-5 ug/ml. in the latter. However, as the amounts in the 
suspension fluid after addition of the kidney extracts were several times larger 
than these leakage values, it was possible to conclude that the increase in 
serotonin content of the fluid was due to a release from the platelets by the 
extracts, 

The amount of serotonin released was dependent not only on the number 
of platelets in suspension but also on the quantity of extract added to the 
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suspension. Thus, in Expt. 3 with dog platelets, the amount of serotonin 
released by 12-5 mg kidney per ml. platelet suspension was 50%, of the platelet 
serotonin content. When twice the amount of extract was added the release 
was practically complete. 


TaBLE 3. Release of serotonin from platelets by kidney extracts 


Serotonin Serotonin Serotonin released by 
leakage into released by kidney extracts 
Platelet suspending freezing (ug/ml.) 

count fluid thawing 

Expt.no. (x1@/ml.) (pg/ml) (ug/ml) (a) () (c) (2) 

Dog 1 0-31 0-06 0-80 ~- — 1-0 1-4 
Dog 2 0-05 0-06 0-18 _ — 0-18 018 
Dog 3 0-12 0-04 020 010 O19 #025 
Dog 4 0-17 0-01 0-25 003 006 O18 0-25 

bit 1 0-06 0-15 0-80 — — 0-7 0-8 
Rabbit 2 0-18 0-5 1-9 2-0 2-0 
Rabbit 3 0-09 0-4 0-9 — 10 1-2 a 


per wal. platelet: (6) 25 mg fresh tissue per ml. platelet 
suspension; (c) 50 mg fresh tissue per ml. platelet suspension; (d) 100 mg fresh tissue per ml. 


Release of histamine from platelets by kidney extracts 

As serotonin had been found to be released from platelets in vitro by kidney 
extracts, it became desirable to find out whether those platelets which contain 
histamine released this substance when brought into contact with the extracts. 
For these investigations the platelets of rabbits were chosen, as they had been 
found by Humphrey & Jacques (1954) to contain large amounts of both 
serotonin and histamine. 

As with serotonin, a considerable amount of histamine leaked from isolated 
rabbit platelets into the Ca**-free fluid in which they were suspended. This 
could be due to the greater difficulty encountered in preparing suspensions of 
rabbit platelets than with dog platelets. Nevertheless, in spite of the large 
leakage of histamine, it could be shown that the addition of rabbit kidney 
extract to the platelet suspensions caused the appearance of increased 
quantities of histamine in the suspension fluid. In Expts. 1 and 2 (Table 4) the 
amount of histamine released by the kidney extracts from the platelets, how- 
ever, was less than the actual histamine content of the platelets themselves. 
After subtracting the amount of histamine already present in the suspension 
fluid due to leakage, it was calculated that the extracts released only 62% in 
Expt. 1 and 60% in Expt. 2 of the platelet histamine content, although they 
were added to the suspensions to give twofold concentrations of 50 and 100 mg 
tissue per ml. This is quite contrary to the foregoing observations that kidney 
extracts readily depleted rabbit platelets of their serotonin content. It is 
possible that this incomplete release of histamine is only apparent and can be 
explained by the observation that in these experiments the kidney extracts 
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tended to depress the guinea-pig’s ileum, on which the histamine was assayed, 
although they had no effect on the rat’s colon, on which serotonin was assayed. 

Further evidence that kidney extract could release histamine from platelets 
was obtained in experiments with rabbit’s whole blood. When rabbit’s kidney 
extract was added to heparinized rabbit blood to give the equivalent of 25 mg 
tissue per ml. blood, 4-8 ng histamine was found per ml. plasma. With twice the 
amount of extract in blood the amount of histamine was 9-6 ug/ml. plasma. 
In control samples of blood to which no extract had been added there was 
present only 0-9 wg histamine per ml. plasma. As rabbit blood histamine is 
accounted for almost entirely by platelet histamine (Code, 1952), it must be 
concluded that the release in whole blood is due to a release from the platelets. 


TaBLe 4. Release of histamine from platelets by kidney extracts 


into freezing by kidney extracts 
Platelet i and (ug/ml.) 
count uid thawing 
Expt. no. (x10%ml.) (ug/ml) (yg/ml.) (6) (c) 
Rabbit 1 0-06 0-1 0-5 — 0-35 0-35 
Rabbit 2 0-18 0-2 0-7 —- 0-5 0-5 
Rabbit 3 0-01 0-18 0-30 0-18 0-3 0-3 


(a) 25 mg fresh tissue per ml. platelet suspension; (6) 50 mg fresh tissue per ml. platelet 
suspension; (c) 100 mg fresh tissue per ml. platelet suspension. 


The effect of calcitum-complexing agents on the release of serotonin 
by kidney extracts 

In the early part of this work it was noticed that when Versene was used as 
an anticoagulant, little or no serotonin was released from such blood by kidney 
extracts. The effect. of other calcium-complexing agents on the release of 
serotonin was therefore investigated. In these experiments sheep kidney 
extracts and ox blood were used. Sheep blood was not used, as attempts to 
collect sheep’s blood from the abattoirs always resulted in samples which had 
few or no platelets and which already contained considerable amounts of 
serotonin (0-84 jg serotonin per ml. plasma). The ox blood was collected with 
heparin as anti-coagulant (10 units per ml. blood) in the proportion of 9 vol. 
of blood to 1 vol. of the heparin solution in 0-9% (w/v) NaCl. The calcium- 
complexing agents used were Versene, sodium citrate and potassium oxalate, 
which were separately added to the heparinized blood to give concentrations 
of 0-1, 0-3 and 0-25 % respectively. The amounts of kidney extracts added to 
the blood samples were calculated to give the equivalent of 50 mg tissue per ml. 
blood. Excessive amounts of oxalate and citrate in the plasma dialysates were 
found to inhibit the rat colon and thereby to interfere in the assays for serotonin. 
To counteract this inhibitory action 0-1 ml. of a 10% CaCl, solution was added to 
10 ml. dialysate, the citrate and oxalate being inactivated as their calcium salts. 


Histamine Histamine 
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The results given in Table 5 show that although the kidney extracts were 
effective in releasing serotonin from heparinized blood, their releasing action 
was completely inhibited when Versene, citrate or oxalate had been added 
to the blood as well. In the presence of these calcium-complexing agents 
control samples of blood, to which no extract had been added, contained just 
as much serotonin as those samples to which the kidney extracts had been 
added. 

In experiments with isolated dog platelets suspended in Ca**-free fluid and 
dog kidney extracts, it was found that in the presence of Versene (0-1%) the 
amounts of serotonin released were only 21 and 16% of the quantities released 
in its absence, when the amount of extract added to the suspension fluid was 
equivalent to 50 mg tissue per ml. With 25 mg tissue per ml. platelet suspen- 
sion the release effected in the presence of Versene (0-1°%) was 13% of that 
obtained in its absence. Similar results were obtained whether the Versene 


Tase 5. The effect of calcium-complexing agents on the release of seretonin 


by kidney extracts 
pg serotonin per ml. plasma 
eparin Blood-heparin 
Extract no. Blood—heparin* citratet oxalate} Versene§ 
0-03 0-03 
0-12 0-06 
3 0-6 0-06 0-03 #03 
Controls, 0-06 0-03 0-03 0 
no extracts 
added 
* 200 units (0-2 ml.) heparin/15 ml. blood. t 03% sodium citrate. 
0-25% potassium oxalate. § 0-1% Versene. 


Extracts added to give 50 mg tissue/ml. blood. 


was first added to the platelet suspension before adding the extracts to the 
suspension or the Versene first added to the extracts and then mixing these 
extracts with the platelet suspensions. From the results of these experiments 
it is concluded that the release of serotonin from platelets by the kidney 
extracts is independent of the presence of Ca*+ and that the inhibiting action 
of Versene at least is not due to its calcium-complexing power. 


The effect of kidney extracts on coagulation time 
The addition of kidney extracts to recalcified oxalated dog’s plasma did not 
cause any shortening of coagulation time. In fact the coagulation time was 
prolonged from 4-5 to 8 min. 
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DISCUSSION 


There is no doubt that alkali extracts of certain tissues can release both 
serotonin and histamine from platelets present in blood or from isolated 
platelets. Of the tissues tested kidney provided extracts with the greatest 
activity. However, until the active principle in these extracts is isolated or the 
extracts are subject to greater purification, it cannot be known with certainty 
whether the release of serotonin and histamine is due to the same liberator or 
different liberators. Although the release of only these two amines has been 
studied, the possibility that other substances may also be liberated from the 
platelets cannot altogether be excluded. 

As yet it is futile to study the mechanism by which the release of these two 
amines is effected with such crude extracts. Nevertheless, certain features 
governing their release by these extracts are useful criteria by which a com- 
parison with already known mechanisms of release can be compared. The 
observation that the amount of serotonin released is dependent on the quantity 
of extract added to platelet suspensions suggests that a stoichiometric relation- 
ship exists between the active principle of the extracts and the number of 
platelets. It is unlikely that thromboplastin can be the active principle of the 
extracts as they have not been found to shorten coagulation time. Further- 
more, thromboplastin would have been inactivated by the conditions under 
which the extracts were prepared. It is equally unlikely that the releasing 
action is mediated by thrombin which has been shown to release serotonin 
from platelets suspended in plasma containing oxalate or Versene (Zucker & 
Borrelli, 1955). On the other hand, the ability of oxalate, citrate and Versene 
to inhibit release suggests that the mechanism of release by the liberator in the 
tissue extracts has certain features common with those governing the release 
of serotonin and histamine from blood in anaphylaxis (McIntire, Roth & 
Richards, 1949; Humphrey & Jacques, 1955) or by the synthetic histamine 
liberators, certain primary amines, the esters of quaternary pyridinium com- 
pounds, morphine (McIntire, Roth & Sproull, 1951) and the dextrans of high 
molecular weight (Haining, 1955). The releasing action of the tissue liberator, 
however, is independent of the presence of Ca®+, whereas the releasing 
mechanism activated during antigen-antibody reactions can act only when 
Ca*+ is present. The problem of release of serotonin from the platelets must 
be considered in relation to the fact that the platelets themselves can absorb 
serotonin against a concentration gradient (Humphrey & Toh, 1954; Hardisty 
& Stacy, 1955). It is possible that an inhibition by the tissue liberator of the 
active processes in the platelets would lead to the diffusion of serotonin out of 
them into the surrounding medium. The release can also be due to a purely 
lytic action of the platelets by the tissue liberator. As has been shown, the 
ability of Versene to inhibit the releasing action of the tissue liberator is not 
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due to its calcium-complexing power. In fact, this has also been shown to be 
true for citrate which inhibits release of serotonin and histamine from blood 
during in vitro anaphylactic reactions (McIntire e¢ al. 1949; Humphrey & 
Jacques, 1955). It may well be that Versene inhibits by forming a complex 
with the tissue liberator. 

The finding that the kidney is the richest source of the liberator lends ground 
for speculating on its significance. Serotonin has been found in urine (Twarog, 
Page & Bailey, 1953; Davies, Wolfe & Perry, 1954) although no serotonin, or 
only traces of it, have been found in plasma. It may well be that a release of 
serotonin from the platelets does take place in the kidneys and that the release 
is effected by the liberator, so that it is excreted partly as the amine and, 
because of the presence of large concentrations of amine oxidase in the kidney 
(Blaschko & Philpot, 1953; Koelle & Valk, 1954), partly as its metabolite 
5-hydroxyindole acetic acid (Titus & Udenfriend, 1954). Furthermore, sero- 
tonin has been shown to exert an anti-diuretic effect in hydrated animals 
(Erspamer & Ottolenghi, 1952; Sala & Castegnaro, 1953). The presence of 
a liberator in the kidneys mediating release of serotonin from platelets would 
lend weight to any suggestion made concerning the role of serotonin in the 
regulation of urinary excretion. It would indeed be interesting to find out 
whether the oliguria and anuria observed in haemorrhagic and traumatic 
shock (Van Slyke, 1948) or in toxaemia of pregnancy (Asali, Kaplan, Fomon 
& Douglas, 1953) are related to an increased output of liberator leading to 
excessive release of serotonin. | 

The presence of relatively small amounts of the liberator in the liver suggests 
that possibly serotonin is also released from the platelets during their passage 
through the organ, where it can be converted into 5-hydroxyindole acetic acid 
(Titus & Udenfriend, 1954). Tryptamine, an analogue of serotonin, has been 
- shown to be oxidized into indole acetic acid when it is transfused into the 
perfused liver (Ewins & Laidlaw, 1913). 

Until the chemical identity of the liberator is established it is suggested that 
the substance be referred to by the name ‘ Nephrosin’ to indicate its abundance 
in the kidneys rather than its pharmacological action. 


SUMMARY 


1. Alkali extracts of the kidney of the dog, rabbit and sheep have been 
found to contain an active principle or principles capable of releasing serotonin 
and histamine from platelets present in blood or from suspensions of isolated 
platelets. 

2. Less active extracts are obtained with liver and lung tissue. 

3. No serotonin-releasing activity has been demonstrated with extracts of 
spleen, skin, heart and skeletal muscle. 
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4. Release of serotonin and histamine by the tissue liberator is inhibited by 
sodium ethylenediamine tetra-acetic acid (Versene), oxalate and citrate, but 
independent of the presence of Ca?+. 

5. The releasing action of the liberator is not mediated by thromboplastin 
or thrombin. 

6. The possible role of the liberator in the kidneys is discussed. 

7. It is suggested that the liberator be referred to by the name ‘ Nephrosin’. 
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Many drugs are known to influence the size and shape of the striated muscle 
twitch. But because a muscle twitch is a complex and rapid event, it has been 
impossible until recently to decide at which point in the contractile system the 
drug was acting. It has now become clear that many drugs do not act inside 
the fibre on the contractile protein itself, but rather on the excitatory system 
which triggers the contraction. 

After each stimulus the muscle ceases to be soft and freely extensible; it 
becomes hard, develops tension and performs work. The change from the 
resting to the active state is complete for a definite period after the stimulus, 
then it passes away fairly rapidly and the muscle relaxes (Hill, 1949). It has 
been shown that many drugs like adrenaline, caffeine, quinine, nitrate, iodide, 
bromide and potassium (Goffart & Ritchie, 1952; Hill & Macpherson, 1954; 
Ritchie, 1954; Lammers & Ritchie, 1955) alter the duration of the active state, 
without any other change in the contractile machinery. The longer the active 
state lasts, the higher is the tension reached in a twitch. Moreover, these 
drugs act so rapidly that there can be little doubt that their site of action is 
the muscle membrane, for there is insufficient time for the drugs to penetrate 
inside the fibres. The altered mechanical response must thus be caused by a 
change at the membrane and it might well be that such a change is associated 
with changes in the electrical properties of the membrane. But there is at 
present no clear evidence of any relation between the mechanical and electrical 
changes occurring in muscle. 

In the present experiments we have studied a number of compounds which 
are known from other work to act on the fibre membrane, in the hope that one 
or other of their known effects might be consistently correlated with changes 
in the active state. The compounds studied were some quaternary ammonium 
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cations, the tetramethylammonium, tetraethylammonium, tetrabutylam- 
monium and choline ions which modify to a greater or less extent the electrical 
response of crab’s muscle (Fatt & Katz, 1953) and of toad’s and frog’s striated 
muscle (Hagiwara & Watanabe, 1955; Edwards & E. J. Harris, unpublished); 
ouabaine which stops that part of the sodium efflux which is contingent upon 
the presence of potassium (E. J. Harris, unpublished); and calcium which acts 
on the membrane to increase the resting potential for a given ratio of potassium 
inside and outside the fibre (Jenerick & Gerard, 1953). 


E 


Tension 


Fig. 1. Quick-release apparatus for determining the active state of frog’s muscle. 
For explanation of symbols, see Methods section. 


METHODS 


The quick-release method described by Ritchie (1954) was used to plot the active state curve. The 
intensity of the active state at any instant is defined as the force which the muscle develops when 
its contractile part is neither lengthening nor shortening, e.g. at the peak of an isometric twitch. 
The purpose of the quick release method is to produce a set of twitch-like tension records so that 
the peak of each record provides one point on the active-state curve. 

A frog’s sartorius (A, Fig. 1) was mounted on a multielectrode assembly (Hill, 1949) in a bath of 
Ringer's solution (NaCl, 90 mu; NaHCO,, 30mm; KCl, 2mm; CaCl,, 1mm; MgCl,, 1 mm) 
containing tubocurarine chloride 1/50,000, w/v, and bubbled continuously with a mixture of 
95% O,+5% CO,. It was connected by a straight malleable stainless steel wire to a light 
duralumin lever (B) pivoted on miniature ball bearings. The lever was prevented from moving by 
an electromagnetic stop (C). Above, the lever was joined to D, a mechano-electronic transducer 
(R.C.A. 5734) by a slack connexion Z. (This can be of plaited silk, but it is better to use a light 
chain which will be inextensible when taut. There should be at least 2 mm of slack.) 

The muscle was stimulated by a single shock. It developed tension, but this could not be 
recorded by the transducer because of the stop. At a pre-set moment the stop was released and the 
tension fell momentarily to zero, then quickly redeveloped and now was recorded by the transducer. 
By varying the moment and/or the amount of release a set of curves like those in the inset to 
Fig. 1 was obtained. All experiments were performed at 0° C. 
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RESULTS 


Quaternary ammonium bases. Chlorides of the bases were substituted in 
equimolar amount for part of the sodium chloride of the Ringer’s solution. 
The tetraethylammonium ion was found to be the most powerful of the cations 
studied in modifying the mechanical response of frog’s muscle. The procedure 
adopted in the experiments was to determine active state curves of the frog’s 
sartorius at about 10 min intervals, while the muscle was bathed in Ringer’s 
solution. Part of the solution was then replaced so that the muscle was 
exposed to a known concentration of the tetraethylammonium ion. After the 
muscle had soaked for some time in this new solution, active state curves were 
again determined. The main effect of the tetraethylammonium ion on the 
mechanical response of frog’s muscle was that it prolonged the duration of the 
active state: there was no evidence from the shape of the twitch that the 
force-velocity characteristic or the series elastic component were affected. 

The experiments were done at several concentrations between 0-2 mm, which 
produced a just detectable effect, and 90 mm, which produced a very large 
increase in the duration of the active state. The easiest way to compare the 
results of these experiments using different concentrations with one another 
was to measure for each active state curve the time at which the intensity of 
the active state had fallen to about half its maximum, and then to determine 
how much this time was increased by the drug. The results so obtained with 
TEA on twelve muscles are summarized in Fig. 2, where it can be seen that, 
up to a concentration of 30 mm, the effect of the drug increased in direct 
proportion to the logarithm of its concentration. Complete recovery rapidly 
occurred when the drug was removed. The tetanic tension was seldom affected. 

In order to determine the time course of the effect of the cation, the experi- 
mental procedure was slightly modified. The muscle was stimulated twice a 
minute and that part of the active state curve was obtained from which the 
time at which the intensity had fallen to half maximum could be got by 
interpolation, The time-course of the effect of the drug could then be 
followed and the result of such an experiment is shown in Fig. 3. The effect 
was very rapid in its onset and reached half its maximum value in about 
3 min. 

The effect of the tetrabutylammonium ion was strikingly different from that 
of its homologue the tetraethylammonium ion. In one of six experiments 
tetrabutylammonium (10 mm) produced a small increase in the duration of the 
active state: in the other five the tetrabutylammonium (5-10 mm) slightly 
reduced this duration. These effects seemed to be irreversible, but it is difficult 
to be certain on this point because the effect observed was small. In the con- 
centrations used there was, as with tetraethylammonium, little or no change in 
tetanic tension. 
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The tetraethylammonium ion still had its normal effect in the presence of 
| the tetrabutylammonium ion. In four experiments, indicated by the open 
circles in Fig. 2, the tetraethylammonium ion was added to the bath while the 
muscle was exposed to tetrabutylammonium ion in a concentration of 5 or 
10 mm. The response to the tetraethylammonium ion was scarcely, if at all, 
affected by the other quaternary ammonium ion present. 


40 


Increase in duration of active state (%) 


0 j 
0-09 09 90 900 
Concentration of TEA (mm) 
Fig. 2. The effect of TEA in various concentrations on the duration of the active state of frog’s 
muscle at 0° C, The ordinate is the percentage increase in the duration of the active state. For 
explanation of the open and closed circles see text. 
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Fig.“3. The time course of the effect of TEA on the active state of frog’s muscle at 0° C. The 


ordinate is the time at which the intensity of the active state has fallen to half its maximum 
value, 
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The difference in the response of the muscle to the tetraethylammonium and 
tetrabutylammonium ions led us to examine the action of two other homologous 
cations, the tetramethylammonium and choline ions. Both ions had little or 
no effect in low concentrations (less than 10 mm): in larger concentrations 
(>20 mm) a definite prolongation of the active state occurred but was always 
much smaller than that produced by equimolar concentrations of the tetra- 
ethylammonium ion. At the higher concentrations the tetanic tension was 
often reduced. 

Ouabaine. This drug (0-5 mg/100 ml. dissolved in Ringer’s solution) had no 
effect, even after the muscle had been exposed to it for two hours. 

Calcium. This ion (20° CaCl, added to normal Ringer’s solution to make a 
range of concentrations from 1 to 10mm) produced no detectable change in the 
active state curve. 

DISCUSSION 
The rapid time course of the effect of TEA suggests that it is acting at the 
surface of the muscle fibre. The small delay that is actually found before the 
maximal effect is reached can be fully accounted for by the slowness of 
diffusion into the interspaces, Nitrate, bromide and iodide are known to act 
at the cell surface in this way (Kahn & Sandow, 1950; Hill & Macpherson, 
1954; Ritchie, 1954) and it is probable that TMA, TBA and choline do so too. 

It is not known what switches off the contractile mechanism 300-400 msec 
after the stimulus in a muscle at 0° C, but the mode of action of this group of 
substances suggests that the switch is located at the cell membrane rather than 
inside the cell. If this is true, one might expect to find some change in the 
membrane with a time-course similar to that of the active state. The action 
potential spike is, of course, too fast; but its falling phase does last long enough 
to be reasonably well correlated in duration with the active state curve. The 
critical question then is whether the drugs that prolong the active state also 
prolong the falling phase in proportion. The published evidence all supports 
such a correlation. TEA prolongs the falling phase in toad’s sartorius (Hagiwara 
& Watanabe, 1955) frog’s sartorius (Edwards & Harris, unpublished) and in 
crab’s muscle (Fatt & Katz, 1953). The other quaternary ammonium bases 
were also tested by Fatt & Katz (1953) on crab’s muscle. Their effect of pro- 
longing the fall in potential is now seen to run parallel with that on the active 
state curve, being greatest for TEA, less for TMA and choline. Furthermore, 
TBA, whose effect on the active state differs from that of the other quaternary 
ammonium ions studied, also produced a different electrical effect. Fatt & 
Katz (1953) found not only that it was less effective than the others as a 
substitute for Na* during the excitation process, but also that its powerful 
action of prolonging the action potential was of a different order from that of 
the others and was irreversible. 


Recent experiments of Edwards & Harris (unpublished) show that it is 
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ble that nitrate, iodide and bromide also prolong the negative after- 

ntial, but it is not clear whether there is quantitative correlation between 

the electrical and mechanical effects of these ions. Thiocyanate greatly pro- 

longs both active state and after-potential (Lubin, unpublished), though this 
substance soon produces irreversible changes. 

We do not wish to imply that the prolonged potential is the cause of the 
prolongation of the active state. It seems more likely that both are the out- 
ward signs of the (unknown) process which links the membrane with the 
contractile substance. 

The attempt to correlate the prolongation of mechanical activity with the 
prolongation of the negative after-potential would lose its point if the activity- 
prolonging substances provoked repetitive firing in response to a single 
stimulus. Hagiwara & Watanabe (1955) have shown that this effect is 
indeed produced by TEA in concentrations between 12and 80 mm. Fortunately 
only a few of our measurements fall within this range, so it is clear that 
repetitive firing does not provide a sufficient explanation for our results. 
Moreover, we were unable to find any repetitive spikes at all in recordings 
made with external electrodes, although it might be argued that such spikes 
were actually occurring in some fibres, but so asynchronously that they could 
not be detected. This is unlikely, for the repetitive spike follows the original 
one at a fairly consistent interval which increases with concentration from 
about 40 msec at 14mm to 100 msec at 56mm (Hagiwara, personal com- 
munication). Thus we could hardly have failed to detect repetitive firing if it 
had occurred in a high enough proportion of the fibres to affect our mechanical 
records. The difference between our finding and that of Hagiwara & Watanabe 
must arise either from an intrinsic difference between Japanese toads and 
English frogs, or from some experimental difference such as the fact that their 
fibres had been impaled and ours had ‘not. 

Our general conclusion, therefore, is that the ions which li the active 
state also prolong the falling phase of the action potential, though to produce 
either effect they must replace an appreciable proportion of the sodium or 
chloride in the bathing fluid. These two facts suggest that the foreign ions carry 
part of the action current; and thus that their relative effectiveness might be 
telated to their relative ability to transport current. 

The action current is carried by ions through three different regions: (1) the 
free solution outside the fibre; (2) the active cell membrane; (3) the free 
solution inside the fibre. The foreign ions cannot be acting in the free solution 
inside the fibre (3), because they have not had time to penetrate inside the 
fibres (Kahn & Sandow, 1950; Hill & Macpherson, 1954); nor is it likely that 
they are acting by altering the local circuit resistance in the free solution 
outside the fibre (1), for their equivalent conductances in free solution bear no 
regular relation to their relative action on the active state (see table 1 A). The 
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possibility that the cell membrane, (2), is involved is far more promising. 
Sollner (1949) has determined the relative transference numbers of different ion 
species within artificial membranes which are permeable to either positively 
or negatively charged ions (Table 1 B) and has found that the difference between 
one ion and another is much greater than in free solution. The transference 
number gives a measure of the relative mobility and is related to the relative 
ease with which each ion is adsorbed by the membrane and thus held available 
for conducting current. The rank order of mobilities for the anions shown in 
Table 1B is almost the same as the rank order of their action on the active 
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TaBLe | 
A. Equivalent conductances at 25° C of various salts in free solution: from International 
Critical Tables, 6, pp. 232-233. 
K = conductivity, ohm-* cm-*; C = concentration, mu; A =10° K/C 


O=1 Anions A O=1 Cations A 
NaCl 124-1 Nal 124-3 
NaBr 126-2 TMA I 123-5 
Nal 124-3 TEA I 105-4 
NaNO, 120-4 TBAI 97-7 


membranes (Soliner, 1949) 


Ccl- 10 Li* 0-35 
Br- 79 Na* 10 
25-0 A 7-0 

0,- 33-0 8-6 
SCN- 273-0 


state: Cl- < Br- < NO,~ < I-<SCN-(Kahn & Sandow, 1955; Hill & Macpherson, 
1954; Lubin, unpublished), The correlation breaks down for NO,~ and I-, but 
these two ions do have much the same mobility (Table 1 B), and moreover their 
order of precedence in prolonging the active state has not been unambiguously 
settled (see Hill & Macpherson, 1954, p. 86). In any case this is a minor dis- 
crepancy, because although the rank order of the transference numbers 
remains much the same from one membrane to the next, the absolute values 
do depend on the type of membrane (compare, for example, Table 4 of Sollner, 
1949, with Table 2 of Dray & Sollner, 1955). 

Unfortunately, we have not been able to find comparable figures for Na* 
and the quaternary ammonium ions. Of the cations listed in Table 1B, the 
K* ion which is more mobile than Na* in Sollner’s membranes probably 
prolongs the active state (Csapo & Wilkie, 1956; Goffart & Ritchie, 1952). 
The Li* ion, however, which is much less mobile than Nat in the artificial 
membranes and which might have been expected by extrapolation to reduce 
the duration of the active state, in fact was found to have no effect at all. 

Sollner’s measurements were all made on artificial membranes which were 
selectively permeable either to cations or to anions. His results cannot be 
simply transposed to the case of the active cell membrane whose permeability 
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properties cannot at present be so accurately specified; though here also 
similar factors (e.g. relative adsorption) must determine the relative mobilities 
of different ions. The fact that we can produce similar effects on the active 
state by changing either anions or cations suggests that during the time in- 
terval with which we are concerned the membrane may not be selectively 
permeable just to one or other type of ion. The delay in switching off the active 
state which is produced by these active ions might thus be brought. about in 
two distinct ways; either by altering the electrical resistance of the membrane 
(and thus perhaps a time constant), or by setting up bi-ionic potentials of the 
type measured by Sollner. 
SUMMARY 


1. A study has been made of the action of some cations on the mechanical 
response of frog’s muscle. 


2. The quaternary ammonium ions TEA, TMA and choline prolong the 
active state, TEA being by far the most effective. 

3. TBA slightly reduces the duration of the active state. 

4, Calcium and ouabaine have no action on the active state. 
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OF THE SUPERIOR LARYNGEAL NERVE OF THE RAT 
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The main features of the distribution of the sensory and motor fibres from the 
vagus into the laryngeal nerves are well known and have been established by 
histological methods (DuBois & Foley, 1936, 1937). Some of the sensations 
subserved by fibres in the superior laryngeal nerve have been determined by 
electrical stimulation of the nerve in man (Ogura & Lam, 1953). Less is known 
of those afferents which do not give rise to sensation, and the numerous studies 
which have demonstrated reflex effects of stimulation of the superior laryngeal 
nerve (e.g. Sjéblom, 1915; Johnson, 1935; Andersson, Landgren, Neil & 
Zotterman, 1950; Doty, 1951) do not directly indicate the type of afferent 
involved, 


Tass 1, Sensory fibres which have been detected in the superior laryngeal nerve of the rat 


Afferent Location of the endings Reference 
Aortic arch Andrew (1954a) 
Muscle-sense Oesophagus Andrew (1954a) 
Joint proprioceptor joint Andrew (19545) 
Chemoreceptor Taste on epiglottis Andrew & Oliver (1951) 
Touch receptor Mucosa rostral to vocal cords Andrew & Oliver (1951) 


Nerve action potential studies on the superior laryngeal nerve have indi- 
cated the presence of a variety of functionally different afferents and efferents. 
The types of afferent already described in the rat are given in Table 1. When 
electrical recordings are made from multifibre preparations it is sometimes pos- 
sible to draw inferences concerning the relative calibres of the active fibres from 
the differences in action potential size. The branches of the main trunk are 
functionally specialized, e.g. the motor fibres to the cricothyroid muscle are all 
contained in a single branch, and their histological character, in terms of 
fibre size distribution, is different. In the present paper an account is given of 
the functional groups detected and of an attempt to associate such groups with 
ranges of fibre size. 
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METHODS 


The experiments were performed on forty rats. Anaesthesia was induced with trichloro-ethylene 
vapour and maintained by intraperitoneal injection of 25% urethane solution (w/v), 5 ml./kg 
body weight. 

The dissection of the superior laryngeal nerve. A mid-line incision was made on the ventral sur- 
face of the neck. The subcutaneous tissue was divided between the salivary glands. The sterno- 
hyoid muscle was cut transversely at its attachment to the hyoid bone and reflected hack and cut 
short, close to the sternum. The edges of the wound were tied back and the cavity so formed filled 
with paraffin oil. All further dissection was carried out beneath the oil surface. The omohyoid 
muscle was detached from the hyoid bone, and in many experiments it was found convenient to 
detach the sternothyroid muscle from the thyroid cartilage, to reveal the smaller branches of the 
superior laryngeal nerve. For experiments in which recordings were made from nerve branches 
within the thyroid cartilage, a tracheal cannula was inserted and the hyoid bone and part of the 
thyroid cartilage were removed. An aperture was made in the ventral wall of the pharynx, so as 
to give access to the epiglottis for stimulation purposes. 

Recording. As the wound cavity was small, and as in some experiments two pairs of electrodes 
had to be used very close to each other, some care was necessary in the choice of the electrode 
dimensions, and the design of the manipulators. The electrodes used consisted of bright silver wires, 
diameter 0-1 mm, enclosed, except for 3-4 mm at the tip, in hard glass tubes, outside diameter 
1 mm. The electrodes were connected to conventional capacity-coupled amplifiers and thence to 
cathode-ray oscillographs and loudspeaker. The action potentials were recorded on moving bromide 


Histology. Osmic acid vapour was used to fix and stain the nerve trunks. The nerves were tied 
out under slight ion to a rectangular frame made of glass rod, and placed on a platform a few 
millimetres above urface of a 2% solution (w/v) of osmic acid in a closed dark-glass jar for 12- 
18 hr. They were for 3-6 hr, dehydrated and embedded in paraffin wax. Sections were cut 
at thickness 5-7y. Pre ions were photographed directly on to bromide paper at a magnifica- 
tion of 1000. Measurements made of the external diameter of the myelin sheath by com- 
paring the photographic image with circles of 2, 4, 6, 8, 10 mm drilled in a Perspex sheet. The 
sources of error which may be introduced in measurements of this kind have been discussed in the 


reports of Gutmann & Sanders (1943), Aitken, Sharman & Young (1947), Sanders (1948) and Evans 
& Vizoso (1951). 


RESULTS 
The macroscopic anatomy of the superior laryngeal nerve 
The nerve runs as a single trunk from the caudal pole of the nodose ganglion 
to a point a few millimetres from the thyroid cartilage, where it divides to form 
Branch 1 which is the equivalent of the internal laryngeal nerve. This branch 
penetrates the thyroid cartilage and innervates the larynx above the level of 
the vocal cords. The remainder of the trunk now divides into Branch 2 which 
contains the motor fibres to the cricothyroid muscle, and Branch 3 which in- 
nervates the larynx below the level of the vocal cords and the oesophagus. 
Branch 4 emerges from Branch 3 and is sometimes difficult to identify as a 
separate filament, but it ultimately forms part of the anastomosing branch 
between the superior and recurrent laryngeal nerves. Some of the features of 
Branch 4 have already been described (Andrew, 1954a); it contains fibres 
innervating the oesophagus and aortic arch. The branch to the thyroid gland 
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was not recognized anatomically, but fibres from the gland were detected 
electrically in the main trunk. The anatomy of the connexion between the 
thyroid gland and the superior laryngeal nerve in the dog has been described 
by Nonidez (1931, 1935). 


Correlation between nerve impulse size and fibre composition 
of the main trunk and branches 

It is generally accepted that the size of the recorded action potential of a 
nerve fibre, when conventional wire electrodes on the surface of the trunk are 
used to pick up the potential, is determined partly by the diameter of the fibre. 
Thus the relative sizes of the action potentials of two fibres in the same trunk 
may be used as a guide to relative fibre diameter, but the action potentials of 
nerve fibres from different preparations may not be usefully compared, since 
other factors, such as the electrical shunting effect of other tissue, are not 
necessarily operating similarly. The validity of these assumptions has been 
examined and supported by Hunt (1951), in a study of the action potentials 
of large and small muscle efferents. It was stressed in that paper that if 
differential damage to nerve fibres in the trunk occurred, then the relative 
action potential sizes were no guide to fibre size; for this reason it is preferable 
to use naturally occurring nerve branches rather than filaments dissected from 
a nerve trunk, since the fibres in the latter are so much more vulnerable. Where 
there is any doubt about the condition of the nerve, use may be made of the 
fact that in an undamaged nerve an alteration of electrode spacing, or an equal 
shift of both electrodes in one direction should not markedly change the 
relative sizes of action potentials from different fibres. In the present experi- 
ments conclusions about the relative size of fibres carrying different modalities 
of sensation, or functionally different types of motor innervation, were drawn 


only when consistent relative differences in action potential size from a 


number of preparations were obtained. When external wire electrodes are 
applied to a nerve trunk containing several hundred fibres, only a small pro- 
portion of the active fibres are electrically accessible to the electrodes; 
indeed if this were not so, the record would be very confused owing to electrical 
summation of numbers of simultaneous nerve impulses in different active 
fibres. To examine more than this small number of accessible fibres it is neces- 
sary to dissect the nerve into very much smaller filaments. These dissections 
are useful, in spite of the risk of differential damage, as they permit compari- 
sons of action potential size between functional groups not found together in 
the smaller branches of the nerve. Thus the record in Fig. 7 was obtained from 
a preparation containing afferents from Branch 4 (aortic baroceptors) and 
Branch 1 (stretch receptors). Dissection of the main trunk was also necessary 
for the examination of the afferents from the thyroid gland, as the branch 
carrying these fibres was not recognized anatomically. 
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The fibre composition of the main trunk. The total number of myelinated 


fibres in the main trunk was measured in five nerves and the counts were 543, 
646, 673, 676 and 825. In the cat, DuBois & Foley (1936) found 2188 and 2776 
fibres from osmic acid preparations. Ogura & Lam (1953) reported 15,000 
myelinated fibres in the human nerve. In the rat the majority of the fibres 
were less than 4 in diameter. The fibre distribution of a typical nerve is shown 
in Fig. 1. Fibres above 10u in diameter were rare. Groups of ganglion cells 
were found distributed along the nerve. 

Recordings from the central end of the main trunk. The records were dominated 
by action potentials in motor fibres coursing to the cricothyroid muscle. Motor 
impulses to the oesophageal muscle were obscured. 

Recordings from the pervpheral end of the main trunk. The largest action 
potentials detectable were connected to stretch receptors (including joint 
proprioceptors) located in the larynx rostral to the vocal cords. Further infor- 
mation was obtained by sequential detachment of the branches from the trunk 
and the results are summarized in Table 2. 

The fibre composition of Branch 1. Fibre counts were made of five specimens 
of this branch and totals of 218, 262, 279, 294 and 339 were obtained. In 
three of these specimens, counts for the main trunk were available and showed 
that Branch 1 accounted numerically for 44, 41 and 41% of the fibres in the 
main trunk. A histogram of the distribution of the fibres by size in this 
branch is given in Fig. 2. It will be seen that nearly all the smallest (<2y) 
fibres in the main trunk enter Branch 1, together with a variable fraction of the © 
fibres of other sizes. 

Recordings from the central end of Branch 1. No large fibre discharges were 
detected either at rest or during swallowing movements. Small fibre discharges 
in a few fibres at low frequencies were just detectable. 

Recordings from the peripheral end of Branch 1, The record was dominated 
by continuous and phasic discharges from stretch receptors and joint pro- 
prioceptors. An account of the behaviour of these joint proprioceptors has 
been given elsewhere (Andrew, 19545). The stretch receptors, other than 
those associated with the thyroepiglottic joint, were difficult to localize owing 
to the mechanical interdependence of the many parts which make up the 
mammalian larynx. Some discharged during inspiration, others during 
expiration, during vigorous breathing some were found with a frequency maxi- 
mum during both the inspiratory and the expiratory phase of respiration, 
others discharged at an almost steady frequency throughout the cycle. It 
seemed likely that the stimulus for some of the fibres which discharged during 
expiration was the tension produced in structures associated with the glottis 
when the latter obstructed the outflow of air. Fig. 5 gives an example of dis- 
charge in a fibre connected to an ending stimulated during expiration. The 
activity of the smaller fibres could be detected only after detachment of the 
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TaB_x 2. Relative action potential sizes recorded from the peripheral end of the main trunk 


Preparation Detectable activity in the main trunk 
receptor impulses from Branch 
Branch | detached Largest 
fibres from Branch 4 


Branches 1 and 4 detached § Sensory impulses from Branch 3 just detectable 


50% 


25% 


Fig. 1. Fig. 2. 
Fig. 1. The composition in terms of myelinated fibre size, of the main trunk of the superior 
laryngeal nerve of the rat. The total number of fibres in this specimen was 825. 


Fig. 2. The composition, in terms of myelinated fibre size, of Branch 1 of the superior 
laryngeal nerve of the rat. The total number of fibres in this specimen was 339. 


25% 


Fig. 3. Fig. 4. 
Fig. 3. The composition, in terms of myelinated fibre size, of Branch 2 of the superior 
laryngeal nerve of the rat. The total number of fibres in this specimen was 78. 


Fig. 4. The composition, in terms of myelinated fibre size, of Branch 3 of the superior 
laryngeal nerve of the rat. The total number of fibres in this specimen was 160. 


0-2 6-8 


bran 
bran: 
folds 
the 
| adap 
A 
25% a 4 = 
50% 50% 
| | - Fig. 6 
4 | : 
a 
| It sh 
neces 
of th 
+ 
stret 
4 assoc 


THE SUPERIOR LARYNGEAL NERVE 425 


branches of Branch 1 which contained the proprioceptor fibres. This was 
achieved by removing part of the wing of the thyroid cartilage, and detaching 
branches of Branch 1 which serve the thyroepiglottic joint and lateral epiglottic 
folds. Nerve impulses in fibres connected by rapidly adapting touch endings in 
the mucosa of the epiglottis could now be distinguished, and also slowly 
adapting discharges from chemoreceptors sensitive to sodium chloride solutions. 


Fig. 5. Simultaneous recordings A, of the electromyogram of motor units in the cricothyroid 
muscle, and B, from a filament dissected from the peripheral end of the superior laryngeal 
nerve of the rat. The recording A is included as it indicates the timing of the respiratory cycle; 
the muscle is active during inspiration. The nerve fibre in record B is thus seen to be con- 
nected to an ending stimulated during expiration. 


Fig. 6. Branch 1 has been picked up within the thyroid cartilage and its branches to the thyroepi- 
glottic joint have been cut. Endings in the mucosa of the epiglottis have been stimulated 
with a crystal of sodium chloride a minute before the records were taken. The slowly 
adapting irregular discharge in small fibres produced by this stimulus is shown in record A. 
In record B, in addition to the discharge in small fibres, a larger fibre connected to a slowly 
adapting stretch receptor has been brought into activity by mechanical stimulation of the 
epiglottis. 


It should be noted that endings sensitive to sodium chloride solutions are not 
necessarily taste buds, and endings mediating the common chemical sensitivity 
of the mucous membrane probably participate as well. The detected amplitude 
of impulses in the chemoreceptor fibres was less than half that of the largest 
stretch-receptor fibres, and showed the characteristic irregularity of discharge 
associated with taste endings (see Fig. 6). 
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The fibre composition of Branch 2. Five specimens were examined and totals 
of 58, 65, 70, 78 and 82 fibres were obtained. There were a few small fibres in 
the <4 group, the majority, however, lay in the 4~Sy or 6-10y groups. 
A histogram of the fibre-size distribution in a typical nerve is shown in 

ig. 3. 

pe oer from the central end of Branch 2. The record was dominated by 
impulses of large amplitude in fibres innervating the cricothyroid muscle. This 
muscle has an accessory respiratory function and exerts maximum tension 
during inspiration. Some of the motor neurones discharge only during inspira- 
tion and others continuously, with a maximum frequency during inspiration. 
During increased respiratory activity the number of units discharging con- 
tinuously rises, The large fibre discharge in the nerve was similar to the detect- 
able activity in the fully innervated muscle. It was not possible to decide 
whether small fibre efferents were present, as no method of selectively inter- 
rupting the outflow in the large fibres was available. 

Recordings from the peripheral end of Branch 2. No large fibre muscle 
proprioceptor or stretch receptor discharges were detected. Some evidence 
was obtained that small fibre afferents from the mucosa of the laryngeal cavity 
below the level of the vocal cords were present in this nerve. 

The fibre composition of Branch 3. Three specimens of this branch were exa- 
mined and totals of 160, 183 and 334 fibres were obtained. It was found to be 
composed entirely of small fibres; 75-100°% were in <4 group with the re- 
mainder in the 4~6y group. A histogram of the fibre size distribution of one 
of the nerves is shown in Fig. 4. This nerve had a single fibre larger than 6y. 

Recordings from the central end of Branch 3. Continuous activity in efferents 
at low frequencies (10-20 imp./sec) was usually detectable. The amplitude of 
the action potentials was small and the frequency was usually slightly 
modulated by the respiratory rhythm, the maximum occurring during inspira- 
tion. In some preparations a few impulses were discharged phasically during 
inspiration, the level of activity in these fibres following that of the inspira- 
tory centre. During the pharyngeal phase of a swallowing movement, activity 
in these fibres was inhibited, and then resumed (together with that of the 
other accessory respiratory muscles) at a slightly imcreased level, which 
declined to the resting level during the succeeding few seconds. Other fibres 
were found to be present which became active only during swallowing when a 
propulsive wave moved down the cervical part of the oesophagus. The amplitude 
of these action potentials was as small as, orsmaller than, those in the previously 
described continuously discharging fibres. 

Recordings from the peripheral end of Branch 3. Continuous activity in a few 
fibres of small action potential was detectable. The passage of a propulsive 
wave down the cervical oesophagus was associated with a multifibre volley of 
afferent impulses of small amplitude. Direct stimulation of the oesophagus 


=> @ 


Mov 


tion 
T 
whic 
j Fig. 
Fig. § 
q Re 
4 nerv 
| to re 
| This 
| the | 
dete 
Bec, 


THE SUPERIOR LARYNGEAL NERVE 427 
with a probe gave rise to afferent small-fibre discharges. Fig. 8 gives an indica- 
tion of the size of the impulses relative to aortic baroceptor impulses. 

The fibre composition of Branch 4. This was variable in size and only one 
good histological preparation was obtained; this contained forty fibres of 
which thirty were in the <4, group and the rest in the 4-6 group. 


x x x 


Fig. 7. A recording from a filament dissected from the peripheral end of the main trunk of the 
superior laryngeal nerve. The grouped impulses marked X are from an aortic baroceptor 
fibre. The larger impulses are from a fibre connected to a stretch receptor which discharged a 
train of impulses during each inspiration. 


Fig. 8. Two recordings from the peripheral end of a nerve composed of Branches 3 and 4. Record 
A, normal, showing multifibre volleys in baroceptor fibres at each heart beat. B, a record taken 
as & propulsive wave moved down the cervical oesophagus. Note the additional multifibre 
volley lasting about a third of a second. 


Recordings from the central end of Branch 4. To obtain a suitable length of 
nerve it was necessary to dissect the thyroid gland away from the trachea so as 
to reveal the filament connecting the superior to the recurrent laryngeal nerve. 
This was detached from the recurrent laryngeal nerve and dissected free from 
the thyroid gland. A small number of continuously discharging efferents was 
detected. The discharges were regular at frequencies in the range 8-15 imp./ 
sec, but they did not cease during the pharyngeal phase of a swallowing 
movement, and so could be distinguished from the continuously discharging 
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efferents of Branch 3. In addition, small fibre efferents were detected which 
became active during the passage of a propulsive wave down the cervical 
oesophagus. 
Recordings from the peripheral end of Branch 4. Features of the impulse 
traffic in this branch have been described elsewhere (Andrew, 1954a). Fig. 8 
relates the recorded action potential size of the aortic baroceptor fibres to the 
oesophageal afferents, and Fig. 7 relates the size of the large-fibre stretch- 
receptor afferents in Branch 1 to the aortic baroceptor afferents. The latter 
record was obtained from a filament dissected from the peripheral end of the 


| | 


0-2 sec 
| 


Fig. 9. A recording from a filament dissected from the peripheral end of the main trunk of the 
superior laryngeal nerve. The grouped impulses marked X are from an aortic baroceptor fibre. 
The continuous discharge which occupies the right-hand part of the record arose in other 
fibres contained in the preparation in response to probing a highly localized area of the 
thyroid gland. 


Afferent fibres from the thyroid gland, These fibres were detected in the main 
trunk and were found to be connected to slowly and rapidly adapting mechano- 
receptors in the thyroid gland. Exploration of the gland with a fine probe 
revealed highly localized zones in the lobes and isthmus where action potentials 
could be generated. A resting discharge was not detected in these fibres. The 
action potential size was about the same as that of the aortic baroceptor fibres. 
Fig. 9 shows a record from a preparation from the peripheral end of the main 
trunk which contained afferents from the thyroid mechanoreceptors and aortic 
baroceptors. 

DISCUSSION 
In this work an attempt has been made to answer two questions: first, which 
functions, motor and sensory, are served by the myelinated fibres in the 
superior laryngeal nerve and secondly, is it possible to associate functional 
groups of fibres with ranges of fibre size? It was realized that if there were any 
complete functional groups of fibres, either motor or sensory, which remained 


inacti 
whicl 
1 infort 
durin 
7 made 
grouy 

elsew 
main Mc 

obtal 
disch 
Ht these 
must 
with 
fibres 
4 reaso 
Th 
cervi 
j fibres 
pany 
The 
views 
: Hwa 
work 
X-ra 
expe 

vag 
inferi 
(Le 
fibres 
; Se 
their 
histo 


THE SUPERIOR LARYNGEAL NERVE 429 


inactive, or electrically undetectable, throughout the experiments, serious 
errors might be introduced, since the histological description of the nerve, 
which is complete, is necessarily equated against the electrophysiological 
information which could only be assumed to be complete. Records taken 
during swallowing movements were, of course, essential since some fibres only 
become active during these movements, but there may be fibres which were not 
made active by any of the stimuli applied. The features of the activity of those 
groups which participate in swallowing will be described in more detail 
elsewhere. 

Motor fibres. Branch 2 contains a group of large fibres, but no evidence was 
obtained that any of these were sensory, and certainly no large amplitude 
discharges were recorded from the peripheral end of the branch in any experi- 
ment. The efferent impulses, moreover, were of large amplitude and the 
activity of the cricothyroid muscle could be shown to follow the pattern of 
these impulses. It was concluded that the motor fibres to the cricothyroid 
muscle are in the 6-10 group. The motor fibres to the oesophageal muscle 
must be in a smaller size group since fibres larger than 6 are rare in Branch 3 
and, in confirmation, recordings containing efferents both to the cricothyroid 
muscle and the oesophageal musculature showed the latter to be associated 
with action potentials of markedly smaller size. As the sensory fibres present 
in Branch 3 gave rise to action potentials of about the same size as the motor 
fibres, and as the fibre size spectrum of the branch is so limited, it seems 
reasonable to associate the oesophageal motor fibres with the 4-6 group. 

The track taken by the motor fibres to the cricothyroid muscle and the 
cervical oesophagus varies amongst the common laboratory mammals. The 
fibres may leave the vagus above or below the nodose ganglion either in com- 
pany with the pharyngeal or superior laryngeal nerve, or as separate filaments. 
The reported variations in supply to the cricothyroid muscle have been re- 
viewed previously (Andrew, 1955). In the case of the cervical oesophagus, 
Hwang, Grossman & Ivy (1948) have made a valuable review of previous 
work and have determined the anatomical arrangements by stimulation and 
X-ray methods in the cat, dog, rabbit, monkey, rat and guinea-pig. Their 
experiments indicated that in the dog and cat the fibres usually leave the 
vagus with the pharyngeal branch and reach the oesophagus by the pharyngo- 
oesophageal nerve. This nerve has been previously named, in the dog, the 
inferior pharyngeal ramus (Nonidez, 1931), and the descending pharyngeal 
(Lemere, 1932). In the monkey (Macacus rhesus), rat and guinea-pig the 
fibres leave the vagus in the superior laryngeal nerve. 

Secretomotor fibres to the mucous glands of the epiglottis and trachea are 
probably present in all the branches, but conditions are most favourable for 
their detection in Branch 1, since efferents to skeletal muscle are absent, and 
histologically small fibres from Branch 1 were seen to enter the mucus-secreting 
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glands embedded in the epiglottal cartilage. However, although small 
amplitude efferent impulses were detected in Branch 1 there was no evidence 
to associate them definitely with secretomotor action. 

Sensory fibres. The largest sensory fibres, judged from their action potential 
_ size, are found in Branch 1 and are connected to stretch receptors and joint 
proprioceptors. Since no large fibre efferents were detected in Branch 1 it was 
assumed that these sensory fibres had the largest fibre diameters found histo- 
logically in the branch, i.e. within the group 6-10. The fibres from fast touch 
endings in the mucosa of the epiglottis were of similar or rather smaller action 
potential and were assumed also to be in the 6-10 group. The chemoreceptor 


Tasiz 3. Functional components of the superior laryngeal nerve and ite branches 


-, Branch Afferent fibres Efferent fibres 
1 Small fibres, probably including 
8 receptors secretomotor 
Fast touch 
Chem (epiglottal) 
Common chemical sense 
2 Small fibre mucosal endings Large fibres to cricothyroid muscle 
3 Oesophageal muscle sense ae motor to oesophageal 
m 
a Aortic baroceptors Motor to muscle 
Oesophageal muscle sense Small unknown 
Thyroid Mechanoreceptors in thyroid gland 


TaB_e 4. Functional groups arranged in descending order of fibre size 
10-6 Cricothyroid muscle efferents 
Stretch receptors (Branch 1) 


Joint tors (Branch 1 
Fast Ra (Branch 1) 


About 6 Aortic baroceptors 
Thyroid mechanoreceptors 
Less than 6% Epiglottal chemoreceptors 


Oesophageal muscle efferents and afferents 
Secretomotor (?) in Branch 1 

Efferents (Branch 4) function unknown 
Mucosal endings (Branch 2) 


or common chemical sense fibres were of markedly smaller size and consigned 
to the <6 group. The action potentials of the sensory fibres from the oeso- 
phagus, as mentioned earlier, were found to be in the same category as those of 
the oesophageal efferents and hence the fibres are in the <6 group. The aortic 
baroceptor afferents in Branch 4 gave smaller action potentials than the large 
branch | afferents, but equal or larger potentials than the oesophageal afferents 
in Branches 3 and 4, and so were assumed to occupy a middle position in the 
size spectrum, i.e. about 6. The larger slowly adapting mechanoreceptors of 
the thyroid gland appeared to be in the same category. Detection of these 
fibres in the main trunk confirms a prediction made on histological grounds by 
Nonidez (1931, 1935) that part of the contribution of the superior laryngeal 
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nerve to the thyroid nerve is sensory. The function of such mechanoreceptors 
within the gland is not clear, they are rather deep for an exteroceptive use; the 
possibility that the slowly adapting endings might signal a raised intraglandu- 
lar pressure is interesting but not easy to test in acute experiments. 

An attempt has been made in Tables 3 and 4 to summarize the answers to the 
two questions given at the beginning of this discussion. Further information 
is clearly required on the small afferent fibres serving the mucosa below the 
vocal cords, and an analysis of the types of ending in the wall of the cervical 
oesophagus would be valuable. The presence of sensory endings capable of sus- 
taining or initiating a propulsive wave in the oesophagus has been known 
for many years from the results of experiments on the mechanism of swallow- 
ing. Meltzer (1899) has reviewed the early literature, but the small size of the 
afferent fibres makes the electrical examination rather difficult. 


SUMMARY 


1. The superior laryngeal nerve of the rat and its branches were examined 
histologically with osmic acid and their composition in terms of fibre size was 
determined. 

2. Impulse traffic in efferent and afferent fibres was recorded from the 
anaesthetized animal and the relative action potential sizes of fibres serving 
different motor and sensory functions described. 

3. The action potential size of the functional groups was correlated with the 
fibre composition of the nerve branches. Control of the fibres of the cricothyroid 
and oesophageal muscle was carried out by nerve fibres in the ranges 6-10u 
and <6, respectively. 

4, A wide variety of sensory fibres was detected, including joint proprio- 
ceptor, stretch receptor, fast touch, chemoreceptor, aortic baroceptor, thyroid 
gland mechanoreceptor, and oesophageal muscle sense. Suggestions were 
made as to the relative fibre sizes of these groups. 


I wish to thank Professor G. H. Bell for his interest in this work. I also wish to thank Mrs L. 
Leithead for her skilled assistance in the production of the osmic acid preparations. 
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SLOW POTENTIALS IN THE DORSAL PARTS OF THE 
ISOLATED SPINAL CORD AND THEIR RELATION TO 
DORSAL ROOT POTENTIALS 


By H. F. GOPFERT* 
From the Physiological Laboratory, University of Cambridge 
(Recewed 9 April 1956) 


The different methods of recording the electrical events in the spinal cord 
after afferent stimulation have shown characteristic sequences of potential 
deflexions. In general, the three common ways of recording (direct leads from 
the surface or the interior of the cord, leads from the dorsal roots or leads from 
) the ventral roots) produce deflexions of a similar pattern: an initial tri- or 
polyphasic spike is generally followed by a slow potential (SP), on which may 
_ be superimposed several additional spike-like potentials. In trying to account 
for the existence of the SP, the question arose as to whether the observed slow 
waves recorded from the cord surface, the dorsal roots or the ventral roots may 
have components of common origin. 

Quantitative comparisons of previous recordings do not seem to prove this 
supposition. The slow responses from the surface of the cord, according to the 
observations of Gasser & Graham (1933) and Hughes & Gasser (1934), consist 
of a negative deflexion with an approximate duration of 10 msec followed by 
a longer but lower wave lasting 80-100 msec. Dorsal root potentials (DRP), 
investigated systematically by several workers (Barron & Matthews, 1938a, b; 
Eccles & Malcolm, 1946; Bremer & Bonnet, 1949; Lloyd & McIntyre, 1949) 
are mainly negative deflexions with a duration of more than 100 msec for 
mammals and 250 msec for the frog. Different time-courses were found for 
the ventral root potentials (VRP), which proved to be less constant than the 
DRP (Barron & Matthews, 1938a; Eccles, 1946; Bonnet & Bremer, 1952). 
As an illustration of the discrepancies in interpretation, Brooks & Fuortes 
(1952) reproduce the results of various authors on a suitable time scale and 
demonstrate those differences clearly. Bremer (1953).states that the exact 
nature and mechanism of production of these potentials cannot be said to have 
| been definitely explained, although much work has been done. Many results 
support the conclusion that the SP represents the algebraic sum of numerous 
elementary ‘synaptic potentials’ and analogies with the invertebrate ganglion 
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potential (Bullock, 1948) and the muscle end-plate potential (Gopfert & 
Schaefer, 1937) suggest a certain unity in the biological mechanisms. The 
results leave no doubt that synaptic potentials are the signs of the depolariza- 
tion of nerve cells. But what still remains to be solved is the question of the 
site and details of this depolarization. 

In recent papers, Takagi (1951, 1954) describes some observations on dorsal 
column-root preparations, which consisted of one dorsal root with an adherent 
part of the dorsal tracts. This author obtained several different shapes of the 
SP, depending on the position of the electrodes. Some of his records represent 
the well-known negative wave of the DRP, whereas in other arrangements 
more or less diphasic forms appear, some of them being similar to those 
described by Gasser and co-workers. In his histological studies, Takagi did 
not see any internuncial neurones in most of his dorsal column preparations, 
and hence he concluded that the observed SP must originate from other 
sources than those proposed in previous investigations. In support of this 
hypothesis he points to the fact that in his experiments, the SP of the dorsal 
column can survive for several hours without oxygen, whereas it is generally 
accepted that a dissected and isolated spinal cord of the frog will soon lose its 
SP if not kept in an oxygenated environment. 

The observations of Takagi give the impression that the variations in his 
records are due to the particular technical arrangement in these experiments. 
Many investigations have shown that electrical events may be influenced by 
secondary effects from the surrounding medium, and in all biological experi- 
ments the relationship of active and passive tissue must be considered. It 
seemed worth while, therefore, to compare the electrical changes in isolated 
preparations and im situ, and to trace the SP in the dorsal parts of the cord 
in different environments. It will be shown that some of the differences 
reported in the previous studies can be explained by external factors. In 
addition, some attention was paid to the need for oxygen in order to dis- 
tinguish between the activity of fibres and cell bodies. 


METHODS 


Frogs (Rana esculenta) were decerebrated under ether and the spinal cord exposed. The dorsal 
roots to be examined were mobilized and prepared for recording with Ag~AgC) electrodes or glass 
microelectrodes, The ventral roots were cut near the cord. Single electric shocks or slow rhythmical 
discharges from a neon stimulator were applied to one of the dorsal roots or the sciatic nerve. 
Usually a first control record of the DRP was taken from the preparation in situ and another 
immediately after the isolation of the cord. After excision the spinal cord was removed from the 
body and placed in Ringer’s solution. By a medial longitudinal incision, the cord was divided 
and both parts were used for comparative experiments. Finally the dorsal and ventral parts of 
the half-cords were divided at different levels by another longitudinal incision perpendicular to 
the first. When it was intended to stimulate the sciatic nerve, one of the component dorsal roots 


was carefully prepared with its spinal ganglion and left in continuity with the nerve, the other 
dorsal roots being cut. 
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During the actual observations the isolated preparation was taken out of the Ringer’s solution 
and lifted into moist air or laid in paraffin oil. The recording leads were placed at various distances 
either on the stimulated root iteelf, or on an adjacent root, or on the surface of the cord. A direct- 
coupled amplifier led the potentials to the recording cathode-ray oscillograph, the output being 
strictly proportional to the input in the observed range. For measuring the potentials in the 
interior of the roots or the cord, glass microelectrodes were used with a tip diameter of 10-20 u 
filled with Ringer’s solution. Their high resistance of 10-30 MQ required a cathode follower as 
first stage in the amplifier. 
RESULTS 
Observations with the intact spinal cord in situ 
The decremental electrotonic spread of the DRP along the dorsal roots, 
confirmed by many authors, can only be observed and measured properly when 
the root is cut and lifted into the air, as was the standard practice of previous 
investigators. The reason is obvious; roots touching the spinal cord, as in the 
normal anatomical condition, are in direct contact with an asymmetrical 
volume conductor, and the electric currents thence produced change the 
distribution of the electrotonic spread completely. If a dorsal root, therefore, 
touches the spinal cord along its full length, it is scarcely possible to record 
any slow potential change from the surface of the root. It can be well under- 
stood that this conduction effect, in the form of a by-pass, concerns not only 
the upper surface of the root but all the fibres in the interior, and conse- 
quently it would not help matters to record the inner potential of a root by 
means of needle electrodes. 

In a preliminary series of experiments this fact was actually confirmed by 
comparing the SP led off from the surface of a dorsal root with the SP in the 
interior of the same root, the microelectrode being inserted at the same distance 
from the cord as the surface Ag electrode (see Fig. 1). In a, the root was cut 
and lifted into air, but in 6 and in c it remained intact and in connexion with 
the sciatic nerve. In the last arrangement the root forms an electrical loop, 
when all the fluid within has been thoroughly soaked up. 

In the case of Fig. 1a the SP led off from the microelectrode was exactly the 
same as the normal DRP with the silver electrode, in size as well as in time- 
course, no matter how deep the glass tip penetrated the root. In the normal 
anatomical position (Fig. 1b), as was expected, it was not possible to repro- 
duce a distinct SP, either with the surface electrode or with the glass needle. 
The record showed only the group of initial spikes with a relatively short 
after-potential. 

A typical DRP, but with reduced magnitude, can be observed with the loop 
arrangement. Much depends on the position of the recording electrodes. 
When the proximal electrode is kept at the origin of the root and the distal 
electrode is moved along the root, the DRP at first increases with increasing 
distance but then decreases and finally disappears. A shifting of both electrodes 
along the root in a distal direction at first decreases and then reverses the DRP. 
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Microelectrode 


experiments. Arrows point to grid of amplifier, reference electrode is at the root’s entry into 
the cord. 


Taste 1. 


percentage of original size 
Time after 
dissection ... tbr $ br br lhr 
Ipsilateral 60-70 40-50 30-40 20-30 
Contralateral 25-35 10-20 0-10 0-5 
The effects of asphyxia 


At normal room temperatures and in situ the SP of the spinal cord and the 
roots decrease continually in height with progressive asphyxia, e.g. if the blood 
circulation fails in the cord system. Difficulties sometimes reported and dis- 
cussed in finding a good DRP or a cord SP have probably been due to poor 
circulation in most cases. In order to check the rate of the functional break- 
down, several control experiments were carried out on freshly excised, but 
otherwise intact, spinal cords. The fall in excitability was examined by com- 
paring the DRP at different times. Maximal ipsilateral or contralateral 
stimuli were applied and the voltage was measured. Table 1, which gives the 
ranges of decrease, demonstrates the considerable change of the SP response 
within the first hour. No exact figures could be obtained for the next hours, as 
there is a great variability depending on imponderable factors (size and con- 
stitution of the animal, etc.). But certainly no DRP could be evoked in these 
preparations after 24 hr. As is clearly shown in Table 1, the contralateral 
DRP disappears more rapidly than tke ipsilateral. 

Of course the conditions are much improved if the cord is brought into an 
oxygenated environment, as was the usual practice in former investigations of 
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a similar kind. The decrease of the potentials then takes a much slower course 
and the preparations remain excitable for some hours. Much better and more 
uniform results, however, are obtained when the spinal cord is divided into 
two halves as was described above. In spinal cord and root preparations of 
this kind, slow potentials can be recorded for several days, if putrefaction is 
prevented by keeping the preparations cold between the daily experiments. 
Ordinary Ringer’s solution can be used all the time without special oxygen 
supply. Only in the first one or two hours after the dissection does the 
SP diminish, evidently owing to the shock of dissection. 


0 4 2 sec 


Fig. 2. Size and time-course of the DRP on the first (I) and the second day (II) 
after excising the cord. Time marks | sec. 


The size of the DRP would be expected to fall gradually when the isolated 
preparation is kept for several days. This does not occur, as was proved in 
many daily controls. With the precautions described above the DRP definitely 
did not become smaller during three days ; in some experiments it even increased 
slightly and the exponential slope of the potential was often prolonged from 
day to day (Fig. 2). Only on the 4th or 5th day, when the cord began to 
dissolve, a sudden and rapid breakdown of all electric activity was seen. 

Some additional experiments were carried out to scan the activity of the 
ventral part of the cord in isolated preparations of this kind. The recording 
electrodes were placed on the cut ventral roots and the response after stimula- 
tion of the corresponding dorsal root was observed. In most of the experi- 
ments a group of small spikes appeared after each stimulus on the second day’s 
control (Fig. 36). It was no longer possible, however, to record a proper VRP, 
although the DRP from the isolated preparation had the same size as before 
excision (Fig. 3d). 

It may be concluded from these observations, that the source of the DRP 
is far less sensitive to oxygen lack than the source of the VRP. The oxygen 
content of normal Ringer’s solution is apparently quite sufficient to keep the 
DRP-producing mechanism intact for days, provided the pia mater is opened 
to ensure good diffusion to the inner structures. 
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(c) 


excision. In comparison the DRP (c) im situ and (d) on the second day after excision. 
Calibration in (a) 0-2 mV, in (c) | mV. Time 50 c/sec, dots 75 sec. 


The SP of the cord in the isolated preparations 

After placing the excised cord preparation in insulating oil and thus re- 
ducing the outside conduction to a minimum, the recorded potentials from the 
cord are very different from those of the cord in situ. A fairly large and pro- 
longed deflexion appears under these conditions, its size and time-course being 
similar to the DRP (see Fig. 4c). But the shape and duration of the cord SP 
are certainly more variable and dependent on the positions of the electrodes. 
The potential curve alters in shape and size particularly if one of the electrodes 
is situated near a dorsal root. 

Assuming that the anatomical structure at the entry of each root influences 
the local spread of the potentials, it seemed useful to inspect more closely the 
electrical events around a root’s origin. For this purpose the cord was inter- 
sected by two longitudinal cuttings, the first being medial and separating the 
right from the left part, the second being perpendicular to the first and 
separating the dorsal from the ventral part of a half-cord. One of the dorsal 
quarters was prepared with only the 8th dorsal root left. This intact root was 
kept in connexion with the sciatic nerve by careful dissection of the spinal 
ganglion. By cutting off all cord parts caudal to the 8th dorsal root, the long 
root-cord preparation could be used in stretched form as shown in Fig. 4. 
A pair of electrodes was moved over the area of the root entry, progressing in 
successive steps from the root to the cord in a cranial direction. Some selected 
positions in the sequence are presented in Fig. 4. Beginning with 4a, the DRP 
shows the special form that arises in a stimulated root, the deflexion being 
positive for the electrode A and negative for B. The next recordings were taken 
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after shifting the electrodes to more cranial parts of the cord, by which pro- 
cedure the electrode B is further removed from the root (position of Fig. 45). 
There is a marked decrease of the SP and the interference of a reverse deflexion, 
the complete shape of which is revealed in the last recording of the series 4c. 
This curve represents the SP of the isolated cord, the height being maximal, 
when one of the electrodes (A in Fig. 4c) touches the spot where the stimulated 
root enters the cord. On shifting the pair of electrodes to a still more cranial 
position, the SP decreases as it does when both the recording electrodes 
approach each other. 


Fig. 4. Single root-cord preparation. Effect of moving both electrodes over the entry region of 
root. (Details in text.) Calibration steps 0-2 mV. Time as Fig. 3. 


These observations reveal the particular role of the entrance region of the 
stimulated dorsal root. The SP in the isolated quarter of the cord spread 
decrementally from this region. Monophasic slow potentials can be obtained 
from all places on the cord or on the roots, if the reference electrode is situated 
in this particular region and the deflexion is always negative with respect to 
this reference electrode. It has become clear from Fig. 4 that the shape of the 
SP-waves is not identical in cord and roots, and so they do not necessarily 
extinguish each other when the electrodes are in a symmetrical position 
around the reference point, as for example in Fig. 46. The diphasic curve 
which appears when one electrode is placed on a root and the other on the 
cord can thus be explained by the superposition of the two SP-waves with 
different time-courses. 

When microelectrodes are inserted in the interior of the isolated cord, the 
observed SP are roughly the same as those led off from the surface. In this 
regard the cord preparation behaves like a dorsal root lifted into air, as was 
demonstrated in Fig. 1a. No considerable change was observed when the 
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microelectrodes were moved deeper into the cord’s interior; only some slight 
variation in form at the beginning of the curve should be detected. At first 
sight it seems surprising that the local differences which are expressed so very 
distinctly in the in situ preparations play such a minor role in this case. But 
it must be realized that the slow potentials from the isolated cord are so much 
yreater than those of the cord in situ, and that the latter may often be con- 
cealed in them. , 


Root Cord's particle 


Fig. 5. DRP from a dorsal root with only a small particle of the dorsum of cord left. 
Calibration 1 mV. Time as in Fig. 3. : 


‘ 
i 


Fig. 6. DRP with regular spike series, repeating after each stimulus. From a preparation with 
two dorsal roote and a thin connecting cord bridge. Calibration steps 0-2 mV. Time as 
in Fig. 3. 


Some experiments were carried out in which the substance of the cord’s 
remains was more and more reduced. Preparations with two adjacent dorsal 
roots were taken and the cord between them was cut and diminished until 
only a small bridge of the dorsum was left. If one of the roots was stimulated, 
a normal DRP was elicited in the second, showing the same sort of electrotonic 
spread as in experiments with the whole cord. Even if the second root and 
the greater part of cord tissue was removed, it was possible to produce a SP 
in the remaining dorsal root. In Fig. 5 the DRP is recorded from a single 
dorsal root with a tiny particle of the spinal cord, which was studied after- 
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wards in histological sections. The particle did not contain proper grey matter, 
but nevertheless some isolated neurones could be discovered, as they are more 
\ scattered in the frog than in mammals. 

In some of the root preparations a series of small spikes appeared, sometimes 
in a very regular arrangement (Fig. 6). They were superimposed on the normal 
DRP and decreased in frequency. With slow rhythmical stimulation the train 
of spikes reappeared with each stimulating shock. It was possible to elicit 
these spike series even when the preparation was two days old. 


DISCUSSION 
The potential distribution in the spinal cord alters completely when the cord 
is removed from the animal. It is therefore necessary to justify the use of the 
isolated cord, or small pieces of cord, for the measurements described above. 
The importance and typical influence of volume conduction was emphasized 
in the preliminary experiments with the dorsal root. These experiments in- 
dicate that when the dorsal root is cut and lifted into air, different results are 
obtained from when it is left more or less in situ. The results are in agreement 
with the recent findings of Frank & Fuortes (1955), who derived slow potentials 
from the interior of single fibres, but saw them disappear when the root was 
placed in a conducting environment. In the same way, the electrical behaviour 
of nerve fibres in the spinal cord could be expected to be modified by the 
presence of spinal roots and connective tissue. Isolation of the cord, or parts 
of it, from these influences may be considered analogous to cutting a dorsal 
root and lifting into air or to the excision of a nerve in order to study its pro- 
perties. In all these experiments, the conditions of volume conduction are 
changed from those in which longitudinal potential differences are important. 

An indirect indication of the SP spread in the spinal cord was obtained by 
Barron & Matthews (1938a), who observed the decrease of the DRP in roots 
which were several segments away from the stimulated root. Measurements of 
the latency between stimulus and the beginning of the DRP are also significant. 
They were carried out by Dun (1939) who found a continuous increase of the 
latency with distance, lending support to the hypothesis of a similar electrotonic 
spread along the longitudinal fibres in the cord. It seems unlikely that 
synaptic delay contributes to the latency, since it is relatively short and does 
not show discontinuities in time. 

The original conception of Barron & Matthews, that the slow potential 
spreads electrotonically in the cord and subsequently in the dorsal roots of all 
segments, is supported by the present results. There is clear evidence that the 
slow potentials occurring in the cord must be related to the region where the 
stimulated root enters the cord. This region acts as a centre of the electrotonus 
which spreads in all directions in the cord and along the roots, which may be 
regarded, for this purpose, as prolongations of the inner fibres. 
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Usually the SP in the isolated cord was somewhat smaller than the DRP of 
the stimulated or a neighbouring root. This is to be expected, for the magnitude 
of any potential depends on the relationship between the mass of active fibres 
which carry it and the mass of passive tissue which consumes a part of it. 
Dorsal roots consist of fibres which all participate in the process (in case of 
maximal stimulation), hence we get a rather high voltage. In the cord, how- 
ever, only a fraction of the total number of fibres leads the SP, whereas all 
other fibres and the glia tissue act as an electrical by-pass. The topographical 
studies of Glees, Livingston & Soler (1951) make it possible to estimate the 
proportion of ascending fibres. According to their findings, about 25% of the 
entering dorsal root fibres send direct branches to the brain. It is very 
probable that all these 25%, can contribute to the SP of the cord. Whether 
other fibres participate too cannot be decided from the present experiments. 

As well as the anatomical distribution, functional distinctions may account 
for some differences in size, form and time course between the DRP and the 
cord’s SP. Fuortes (1951) observed the DRP after selective excitation of 
cutaneous or muscular nerves, and came to the conclusion that the DRP 
following skin impulses is propagated longitudinally along the cord, whereas 
muscular stimulation produces a DRP with less tendency to spread in a 
longitudinal direction. This implies that the SP of the isolated cord is more or 
less dependent on the number of cutaneous fibres contained in the stimulated 
root. 

It is evident that this supposition does not refer to the dorsal spinal cord 
potential in situ. The investigations of Bernhard (1953) and others have shown 
that the latter is built up of several fractions with special characteristics. 
Experiments with occlusion, asphyxia and pharmacological effects indicate 
that these fractions have different origin and different longitudinal distribution 


(Bernhard & Koll, 1953; Gelfan & Tarlov, 1955; Austin & McCouch, 1955). 


Apparently, presynaptic and postsynaptic fibres as well as internuncial 
neurones and motoneurones seem to contribute to the dorsal cord potential 
in situ, but not all of them seem to contribute to the DRP. In isolated pre- 
parations these fractions are relatively small compared with the dominant 
superposition of the DRP with its spread in the cord. 

Many authors have studied the effects of asphyxia or anoxia on the activity 
of the spinal cord, most of them by observing the reflex responses. Usually 
after stopping the blood circulation or oxygen supply there was a slight 
augmentation of the reflexes which was followed by a reduction and, sooner 
or later, by their disappearance (King, Garrey & Bryan, 1932; van Harreveld, 
1946; Kirstein, 1951). In mammals it takes only a few minutes until the 
failure of spinal function is complete. From older investigations it is known 
that the spinal reflexes in the frog have nearly disappeared 10-15 min after 
aortic occlusion. This is roughly the same time in which the VRP disappeared 
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in the present im situ experiments, and at the same time the DRP began to 
decrease. But there was no phase of augmentation of the DRP before it 
diminished, as was seen in records of the focal potentials in the motor region 
of the cord (Brooks & Eccles, 1947). 

The effect of anoxia on local cell damage was studied by Krogh (1950), who 
found. that the central cells in the anterior horn were destroyed very quickly 
by oxygen lack, whereas the nerve cells in the periphery of the horn remained 
relatively undamaged if the oxygen lack was not complete. This is in accord- 
ance with the quick drop of the VRP in the isolated preparation, if we 
assume with other authors that the main component in the VRP is due to the 
activity of the cells in the motor region. The drop of the VRP can be avoided, 
or at least delayed, in isolated cross-section segments, if the cord slices are kept 
in an oxygenated atmosphere. Kolmodin & Skoglund (1953) found a VRP in 
such preparations 24 hr after dissection. 

Iwata & Otani (1952) suggested that in the DRP also there is a superposition 
of motoneurone effects, especially in its initial maximum part. This assumption 
does not seem very convincing in view of the present finding that the DRP is 
well preserved for days and may become even higher in the isolated pre- 
parations, at a time when the VRP has disappeared. It must be admitted, 
considering the occlusion and asphyxia experiments (Lloyd & McIntyre, 1949; 
Kisenman & Rudin, 1954), that the DRP is the resultant of two or more 
components with different origins in the spinal cord. But since there is no 
visible decrease of the DRP when all the ventral part of the cord and a great 
part of the dorsal regions are cut away, it must be concluded that the DRP 
originates in a small region of the uppermost dorsal levels of the spinal cord. 


SUMMARY 

1. The slow potentials (SP) in the spinal cord or roots of frogs, evoked 
by stimulation of dorsal roots or the sciatic nerve, were studied in different 
experimental conditions: (a) in situ with intact spinal cord and roots, (6) in 
asphyxia, (c) in excised spinal cord preparations, and (d) in dissected spinal 
cord strips. 

2. Ifthe spinal cord and all roots remain exactly in their anatomical position, 
no SP can be derived from the dorsal roots, either with Ag electrodes from the 
surface or with microelectrodes from the interior of the roots. Slow potentials 
of visible size only arise when the roots are lifted into air or laid in an insulating 
medium; in these cases form and size of the SP are nearly the same with surface 
electrode and with microelectrode recording. 

3. Dorsal root potentials (DRP) from intact roots (lifted into air) can 
reverse when both electrodes are shifted along the roots. 

4. When blood circulation stops or the whole cord with roots is excised 
from the body, all SP decrease unless the preparation is brought imto an 
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oxygenated environment. The ventral root potential disappears first, then the 
DRP of the contralateral side, and last the ipsilateral DRP. 

5. The effect of asphyxia can be diminished by dissecting the spinal cord 
into two halves. In such preparations slow potentials can be elicited for 
several days, if only putrefaction is prevented by keeping them cold. 

6. The SP of the spinal cord is completely altered when the whole cord is 
placed in insulating oil, the shape and time-course of the SP becoming similar 
to the DRP. Size and form depend on the position of the electrodes. The 
deflexion is maximal and monophasic if one of the electrodes touches the region 
where the stimulated root enters the cord. 

7. Evidence is given that the DRP in frogs must originate in the upper- 
most dorsal levels of the spinal cord near the stimulated root’s entry. 


The author wishes to express his thanks to Prof. Sir Bryan Matthews for his interest and advice 
throughout the work. The work was performed during the tenure of a fellowship from the British 
Council, which is gratefully acknowledged. 
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A COMPARISON OF FLEXOR AND EXTENSOR REFLEXES 
OF MUSCULAR ORIGIN 


By M. G. F. FUORTES ann D. H. HUBEL 
From the Department of Neurophysiology, Walter Reed Army Institute of Research, 
Walter Reed Army Medical Center, Washington 12, D.C. 


(Received 10 April 1956) 


Whereas extensor muscles of decerebrate mammalian preparations usually 
present both phasic and tonic reflex contraction to stretch (Liddell & Sherring- 
ton, 1925), flexor muscles present phasic stretch reflexes only (Asayama, 1916). 
Under anaesthesia or during spinal shock (Creed, Denny-Brown, Eccles, 
Liddell & Sherrington, 1932, p. 51), tonic stretch reflexes are lost while phasic 
responses are maintained. Extensor and flexor muscles then respond in 
a similar way to applied stretch. The present research was undertaken with the 
purpose of identifying the processes responsible for this difference between 


flexor and extensor pathways. This appeared to be a convenient way of 


approaching an understanding of the central events which underlie the 
development of sustained reflex responses. 


METHODS 


The experiments were performed on thirty-two acutely decerebrate cats. Decerebration was 
carried out under deep ether anaesthesia and additional anaesthetic was administered during the 
subsequent surgical procedure if required. In sll cases the experiments were performed after 
recovery, as judged by restoration of such theti e reflex movements as flexor 
withdrawal, extensor thrust, contralateral extensor reflex, etc. The lumbar enlargement of 
the spinal cord was exposed and appropriate ventral roots were severed on one side near 
the point of passage through the dura. Records were taken from L7 or 81 ventral roots or 
from one of their filaments, with neighbouring ventral roots cut to prevent antidromic invasion. 
The branches of the ipsilateral hamstring and gastrocnemius nerves were severed and their 
proximal stumps were used for stimulation. Stimulation and recording were carried out in the 
conventional way in most experiments, but in some a train of stimuli was used for conditioning 
and a subsequent single shock for testing. This was done by using the first pulse of a double- 
channel stimulator (Attree, 1950) as a gate for another stimulator supplying the train of 
conditioning shocks, and the second pulse as a test stimulus (Fig. 1). 


RESULTS 
Responses to repetitive stimulation 
In previous work (Alvord & Fuortes, 1953, fig. 8) it was found that in de- 
cerebrate preparations repetitive stimuli to extensor muscle afferent fibres 
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insufficient to evoke reflex firing of extensor motoneurones when delivered at 
a low frequency might evoke sustained firing if applied at higher frequencies. 
It was noted that the firing evoked in this way was similar to that elicited in 
the same motoneurones by sustained stretching of the muscle. 


Fig. 1. Block diagram of stimulation arrangement when trains of conditioning stimuli were used. 
Stimulator A provides two impulses separated by a variable delay: the first of these serves as 
a gate for a single-channel stimulator B which provides a train of stimuli used for condi- 
tioning; the second provides the test stimulus. Below is shown a record led off from a small 
filament of 81 ventral root. A train of eight stimuli is used for conditioning one branch of the 
hamstring nerve. The following test shock is applied to the second branch. 


As illustrated in Fig. 2, different features are typical of flexor muscular 
responses, A flexor motoneurone responds to single-shock stimulation of 
a flexor muscular nerve with the discharge of a single impulse occurring after 
monosynaptic delay (Lloyd, 1943; Alvord & Fuortes, 1954). With weak 
repetitive shocks applied at a low frequency (e.g. 0-5/sec—1/sec) a response will 
occur to some of the stimuli. Increase of stimulus strength causes an increase 
in the ratio of number of reflex impulses to number of stimuli (probability of 
firing) until eventually the motoneurone responds to each stimulus. If 
frequency of stimulation is now increased (its strength being unchanged) this 
ratio decreases. For a moderate increase of frequency (say from 1/sec to 
2/sec) responses occur to some of the stimuli throughout the period of stimula- 
tion. At higher frequencies (10/sec—100/sec) the motoneurone responds only to 
the first stimulus or to the first few stimuli, and usually no further impulses 
break through even if the stimulation is maintained for a long time (Fuortes, 
- 1954). While the greater effectiveness of the first stimulus is particularly 
obvious for higher frequencies of stimulation, it is also often observed for slow 


stimulation rates such as 0-5—1/sec, where the first of the stimuli usually evokes 
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a response even if probability of firing is quite low for the stimuli following the 
first. 

If frequency of stimulation is set at a high value (e.g. 100/sec) and the 
voltage is gradually increased from zero, no firing at all results even if the final 
voltage reaches or exceeds values which are effective in producing a response 
when the stimulation is applied abruptly (Fig. 3). 


Fig. 2. Reflex firing of a single motoneurone in response to stimuli to one branch of the hamstring 
nerve. Records taken from a thin filament of a peripherally cut ventral root. Strength of 
stimulation constant throughout; frequency 1, 10, 100/sec as indicated by artifacts. Time 
1 sec. 


These results are analogous to the findings obtained with flexor reflexes 
evoked by stretch by Asayama (1916), who observed that flexor muscles react 
with a short-lasting contraction to a pluck or to an abrupt stretch but do not 
respond to a gradual increase in tension. 

As noted in previous work (see, for example, Fuortes, 19545), sustained 
responses are sensitive to many types of damage. Because of this it was 
considered important to show that the unsustained character of flexor 
muscular reflexes is not the consequence of the general factors which indis- 
criminately depress sustained responses. Fig. 4 illustrates the results obtained 
in one of the experiments done for this purpose. A ventral root filament 
containing axons of extensor and flexor units was selected for recording. 
A flexor motoneurone contained in this filament responded to stimulation of 
one branch of the hamstring nerve in the usual manner: it responded to all 
shocks if these were delivered at 1/sec, but only to the first if stimulated at 
10/sec or 100/sec. In contrast, extensor units in the same filament failed to 
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respond to stimuli applied to one branch of the gastrocnemius nerve at 1/sec or 
10/sec but readily responded if the frequency was raised to 100/sec. 

In other experiments (Fig. 5) it was observed that flexor motoneurones which 
respond only initially to repetitive stimulation of muscular nerves may present 
sustained firing on stimulation of skin nerves or receptors, 


ell 


i 
Fig. 3 Fig. 4 

Fig. 3. Repetitive stimulation at 250/sec of one branch of hamstring nerve (lower beam), record 

taken from a small filament of S 1 ventral root (upper beam). A, Stimulation applied abruptly ; 

B, intensity of stimulation gradually increased to a final value equalling that of A. Time | sec. 


Fig. 4. Responses of flexor (A) and extensor (B) motoneurones to repetitive stimulation of 
hamstring and gastrocnemius nerves respectively : all records taken within a short time from 
a ventral root filament containing one unit responding to hamstring and a few unite responding 
to gastrocnemius nerve stimulation. Stimuli at 1, 10 and 100/sec indicated by artifacts. 
Time 1 see. 


Fig. 5. Reflex firing of a motoneurone recorded from a ventral root filament and evoked by 
stimulation of one branch of hamstring nerve at 10/sec in A and by pinching the skin of the 
ipsilateral hindlimb in B. Time sec. 
29-2 
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These results show that the early failure of flexor reflexes of muscular origin 
is not due to inherent inability of the preparation to produce sustained responses, 
as is the case in anaesthetized preparations; and also, that it is not a necessary 
feature of the flexor motoneurone. Rather, abrupt and unsustained responses 
are a property of flexor muscular reflex pathways. 

The different responses of flexor and extensor muscular pathways to repeti- 
tive stimulation show that volleys from flexor nerves contribute a condition 
which tends to prevent firing, whereas volleys from extensor nerves result in 
accumulation of a change which tends to facilitate a reflex response. 


‘Bzoitability changes after one or more stimuli 


In contrast with this conclusion derived from experiments employing 
repetitive stimulation, previous results obtained by testing excitability 
changes evoked on a motoneurone pool by a single impinging volley (Lloyd, 
1946) have shown no differences between extensor and flexor pathways. This 
finding was not confirmed in preparations such as the unanaesthetized 
decerebrate, presenting unsustained reflexes of flexor but well-sustained 
reflexes of extensor muscles. 

The excitability cycle following a subliminal conditioning shock was deter- 
mined in two ways: by recording from a large number of ventral root fibres and 
measuring the height of the reflex spike resulting from the synchronous firing 
of many units (‘composite recording’), and by recording from a single moto- 
neurone, determining its probability of firing in response to a given test shock 
at various times after conditioning. 

Typical results obtained with the first method are shown in Fig. 6. If 
a conditioning shock subliminal for reflex activation is applied to a flexor 
muscular nerve, the reflex spike elicited by a subsequent larger test shock to 
the same or to another closely allied nerve is increased for some 15 msec, but 
later is considerably decreased for a period which may greatly exceed 1 sec. In 
extensor muscular reflex pathways the early facilitation may be more prolonged 
but the subsequent depression is absent, or at least less pronounced. This is 
only true in preparations presenting well-sustained extensor reflexes: if these 
are unsustained (as happens under anaesthesia, spinal shock, surgical damage, 
or under other circumstances escaping experimental control), then strong 
depression is observed also in extensors. 

The difference in properties of flexor and extensor muscular reflexes is 
emphasized if a train of stimuli rather than a single stimulus is used for 
conditioning (Fig. 1). With trains of 5 to 12 shocks delivered in a period of 
50-75 msec, it was observed that in flexor reflex pathways facilitation reaches 
@ maximum after the first, second, or sometimes third stimulus, and then 
decreases sharply. Conversely, facilitation builds up progressively in extenso: 


path 
towal 

| Fig. 
As 

exte 

ment 
para 

0 
Fig. 
t 
exte 
for 1 
abili 
of i 
foll 
tran 

exte 
tra 


FLEXOR AND EXTENSOR REFLEXES 451 


pathways so that the effectiveness of a test stimulus is increased maximally 
towards the end of the train. This is illustrated with composite recording in 
Fig. 7. 

As with single conditioning shocks, the difference between flexors and 
extensors was evident only if extensor reflexes were well-sustained in experi- 
ments employing composite recording. Even in only moderately rigid pre- 
parations, however, a conspicuous difference was found between flexor and 


B 
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0 50 100 msec 0 50 100 msec 


Fig. 6. Amplitude of reflex spike recorded from a whole ventral root and evoked by stimuli 
applied at different times after a subliminal conditioning shock. The horizontal line in each 
record indicates the average height of response to test shock alone. Conditioning and test 
stimuli applied to the same branch of the hamstring nerve in A and separate branches in C; 
to the same branch of the gastrocnemius nerve in B, and separate branches in D. 


extensor units selected for typical unsustained activity on the one hand and 
for typical sustained activity on the other. Examples of the course of prob- 
ability of firing of such units during and following conditioning with a train 
of impulses are given in Fig. 8. Fig. 9 shows the course of probability of firing 
following trains of different lengths, illustrating its decrease with increasing 
train length for flexor pathways, as contrasted with its increase in the case of 
extensors. 

Consistent with these results, it was found that when the strength of the 
train of conditioning stimuli was raised until it barely succeeded by itself in 
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exciting a flexor motoneurone, this discharged after one of the first three 
stimuli (see Eccles & Rall, 1951), while extensor motoneurones discharged 
after the last stimulus (Fig. 10). 
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Fig. 7. Amplitude of reflex spike recorded from a whole ventral root and evoked by stimuli 
applied at different times during and after a subliminal (conditioning) train of shocks, 
indicated by the vertical lines. The horizontal line in each record represents the average 
height of response to test shock alone. Conditioning and test stimuli applied to the same 
branch of the hamstring nerve in A and of the gastrocnemius nerve in B. 

Fig. 8. Probability of firing of a single motoneurone in response to a test shock applied during and 
after a subliminal (conditioning) train of stimuli. Probability of firing is expressed as the 
ratio of number of responses obtained to number of stimuli at each time interval. The number 
of applied stimuli at a given interval is indicated by the figure above each point. Probability 
of firing in response to a test shock alone is indicated by the horizontal line in A, and was zero 
in B. A, Conditioning and testing stimuli applied to one branch of the hamstring nerve; 
B, same preparation as A, stimuli to one branch of the gastrocnemius nerve. 


DISCUSSION 


Prior to this study identical changes have been described as occurring in 
flexor and extensor muscular reflex arcs following their activation. It is 
umportant to note that those properties of muscular reflexes which are 
identical in flexor and extensor pathways cannot include features relevant to 
production of rhythmical firing, since rhythmical responses can be obtained in 
extensor pathways only. Therefore care should be exerted in applying con- 
clusions derived from the study of so-called monosynaptic reflexes (see 
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Alvord & Fuortes, 1953, p. 303) to the interpretation of the events occurring 
during the normal movements brought about by repetitive firing of each 
activated motoneurone. 
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Time, 10 msec 
Fig. 9 Fig. 10 
Fig. 9. Same experimental arrangement as Fig. 8. Testing stimulus delivered after the end of 
conditioning trains of stimuli at 300/sec, the numbers beside the curves indicating the number 
of impulses in a conditioning train. A, Stimuli to one branch of the hamstring nerve; B, same 
preparation as A: stimuli to one branch of gastrocnemius nerve. Probability of firing in 
response to a test shock alone was one in A and zero in B. 


Fig. 10. Impulses recorded from a thin ventral root filament of a decerebrate cat in response to 
a train of stimuli adjusted to be just threshold for reflex discharge. In A stimuli were applied 
to one branch of the hamstring nerve, and in B to one branch of the gastrocnemius. 


According to the results obtained in the present research, different features 
of temporal summation characterize flexor and extensor reflexes of muscular 
origin. Pathways capable of responding with rhythmical firing present 
extensive abilities for temporal summation. In these pathways, the facilitatory 
effect exerted by repetitive impingement builds up to a steady level which, in 
the absence of motoneurone firing, can be maintained for a long time. In some 
conditions, the build-up of facilitation can progressively increase over a con- 
siderable fraction of a second, explaining the long latency between start of 
stimulation and the first reflex response observed on occasion in previous and 
in the present work (see Alvord & Fuortes, 1953, figs. 6, 7A and 8). 
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In pathways responding with typically unsustained discharge to repetitive 
stimulation, excitability reached a peak within a few msec and decayed 
thereafter, even in the absence of a reflex response. Consistently, reflex firing 
could be elicited in these pathways after short latencies only. 

The present work does not reveal the nature and location of the processes 
responsible for the contrasting features of flexor and extensor reflexes. In 
a previous study on the effects of direct currents on flexor and extensor 
motoneurones (Fuortes, 19544), some difference was found between the two 
types of cells, but this would be insufficient to justify the sharp difference 
between their responses to repetitive afferent stimulation. Some other pro- 
perty of primary afferent terminals or of the central links activated by 
muscular stimulation in the two cases is likely to play a more important role. 

Even without commitment as to the cause of the different features of flexor 
and extensor reflex responses, it can be stated that the observed correlations 
between time-course of facilitation and ability to respond with rhythmical 
firing justify the conclusion that temporal summation of a change fitting 
Sherrington’s definition of central excitatory state (Creed et al. 1932, pp. 31, 
32) is necessary for production of rhythmical reflexes. 


SUMMARY 


1. Reflex responses of flexor motoneurones to stimulation of hamstring 
nerve have been compared with responses of extensor motoneurones to stimu- 
lation of gastrocnemius nerve in decerebrate cats. 

2. Whereas firing of extensor motoneurones is often more easily evoked by 
high than by low frequency of stimulation, flexor motoneurones responding to 
each shock when stimulation frequency is low respond only initially to stimuli 
delivered at higher frequencies. 

3. Following a single conditioning shock to the hamstring nerve, the reflex 
response to a subsequent test shock is increased for a period of about 15 msec, 
but later is considerably decreased. In extensor pathways, the early facilita- 
tion may be longer and the late depression is either less pronounced or altogether 
absent. 

4. With a train of conditioning stimuli, facilitation increases to an early 
maximum and soon decays in flexor pathways, but it builds up more or less 
gradually to a steady state in extensor pathways. 

5. It is thought that the properties of temporal summation found in 


extensor pathways are necessary for production of sustained rhythmical reflex 
responses, 
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NORMAL VARIATION IN THE COUNT OF CIRCULATING 
EOSINOPHILS IN MAN 


By J. D. ACLAND* anp A. H. GOULD 
From the Army Operational Research Group, Broadoaks, Parvis Road, 
West Byfleet, Surrey 


(Received 30 April 1966) 


Since Forsham, Thorn, Prunty & Hills (1948) observed that administration of 
11, 17-oxysteroids caused a fall in circulating eosinophils, many physiological 
and clinical studies on human subjects have included eosinophil counts among 
tests of adrenal cortical function. For instance, the degree of eosinopenia re- 
sulting from exposure to environmental stress has been taken to be one measure 
of its severity (Stein, Bader, Eliot & Bass, 1949; Hale & Keator, 1952). Use 
of the eosinophil count for this purpose is dependent on obtaining adequate 
control values, and many workers have carried out serial investigations to 
determine how far normal rhythmic or random variations might interfere with 
this test. The results they have obtained do not, however, agree completely. 
Rud (1947), Tatai & Ogawa (1951) and Donato & Strumia (1952) observed a 
tendency for the mean eosinophil count of a group of subjects to decrease until 
about noon and to increase steadily for the rest of the day. Swanson, Bauer & 
Ropes (1952) further observed that a spontaneous eosinopenia of over 50° 
was more likely to occur in a subject during the morning than during the 
afternoon. Fisher & Fisher (1951), however, failed to obtain clear-cut evi- 
dence for a trend of this kind, while Mann & Lehmann (1952) observed three 
different patterns in different individuals. The first was identical with that 
described above, showing a minimum at noon. In the second, the count de- 
creased steadily from 9 a.m. to 5 p.m., while in the third a steady increase 
occurred over the same period. Besides this rhythmic variation, eosinophil 
counts are subject also to the random error of the counting procedure, to 
random biological variations (Donato & Strumia, 1952; Rud, 1947) and to 
alterations in the basal level from day to day (Rud, 1947). The present investi- 
gation was designed to estimate the relative importance of these four sources 
of variability. None of the published data was in a form which could be used 
satisfactorily in the type of statistical analysis which was contemplated, so a 
new series of eosinophil counts was obtained as described below. 


* Present address: Department of Pharmacology and Therapeutics, University of Sheffield. 
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MATERIALS AND METHODS 


A group of twenty healthy male laboratory and office workers acted as subjects during normal 
working days. These men were leading sedentary lives and their degree of activity was judged to 
remain approximately the same from day to day. Samples (0-1 ml.) of finger blood were taken from 
each of them at 10 a.m., 11 a.m., 12 noon, 2 p.m., 3 p.m., and 4 p.m. for three consecutive days, not 
more than two subjects being tested in any one three-day period. The blood samples were drawn 
into a straight form pipette calibrated ‘to contain’ and were delivered into } oz. screw-cap bottles 
containing 0-9 ml. of eosinophil diluting fluid made up as follows (Henneman, Wexler & Westen- 
haver, 1949): phyloxine, 0-05 g; propylene glycol, 50 m1. ; distilled water, 50 ml. The diluted blood 


TaBie 1. Variations in eosinophil count (cells/mm* blood) during 3 successive days 


Hur Hour 
Subject Age Day 10 11 12 2 3 4 Subject Age Day 10 ll 12 2 3 4 
IDA. 2 1 122 170 207 116 151 133 GAL. 49 1 804 355 407 366 436 462 
2 198 168 184 153 153 140 2 478 427 484 413 446 538 
3 144 140 177 160 160 140 3 463 412 471 472 545 534 
TL.P. 23 #1 479 372 379 379 374 453 F.J.N. 38 1 318 296 811 397 330 206 
2 407 400 474 512 344 400 2 262 280 258 288 295 217 
3 296 288 335 265 347 3 345 263 208 330 285 313 
LW.T.R. 32 1 68 7 81 2119 #7 74 RS.B. 2 1 208 235 210 203 231 245 
2 51 86 104 67 74 86 2 174 1387 169 258 222 202 
3 7 91 91 126 100 9% 3 179 1938 198 240 242 212 
RFC. 28 1 195 20 191 165 165 244 PFG. 3% 1 HO 71 
2 163 209 170 189 202 165 2 112 91 7 87 91 
3 176 149 230 121 179 167 3 84 9 108 6 76 8 
IRR. 39 1 149 188 102 170 230 300 JD.0. 30 1 180 2289 241 159 197 171 
2 116 142 140 204 172 2 180 142 158 195 193 149 
3 165 187 130 181 281 267 3 179 152 196 187 181 194 
AHG. 32 1 258 195 172 247 242 197 D.N. 
2 333 181 270 209 174 195 2 442 57 61 49 6 72 
3 223 235 316 279 277 230 3 41 6 4 @ 64 54 
EET. 3 1 168 144 10 67 84 135 SCHM. 42 1 61 50 6 609 8 72 
2 63 88 91 14 2 7% 93 100 84 109 99 
3 74 80 84 120 108 87 
MPK. 32 1 202 119 142 165 176 DHI 338 41 364 296 218 257 266 
2 195 186 158 200 153 2 359 268 247 380 362 397 
3 165 200 170 149 3 308 329 314 313 427 378 
BM. 2% 1 588 570 402 285 251 251 LJM. 2% 1 196 141 130 111 125 138 
2 381 400 349 274 288 386 2 162 170 185 163 163 113 
3 484 421 421 281 340 293 3 148 148 132 159 170 181 
RWS. 30 1 198 190 212 189 178 178 BTF. 39 #1 9 9 & 69 8 103 
2 156 183 234 174 185 252 2 99 117 129 143 109 154 
3 148 193 240 239 175 198 3 134 116 109 115 120 136 


was mixed for at least 10 min in a rotary cell suspension mixer rotating at 25 rev/min, similar to 
that described by Dacie (1950). Four Fuchs-Rosenthal chambers were filled from each bottle by 
means of a Pasteur pipette and all the eosinophils in the ruled areas counted. Identification of 
these cells was made easier by using a blue-green filter in conjunction with the microscope. The 
number of eosinophils in each of the four chambers was recorded separately and the sum of the 
four counts was then divided by 1-32 to express the results as cells/mm* blood. For reasons of 
space the four separate values or replicates from which each count is derived are not given in 
Table 1, although they form the basis of the statistical analysis. Individual counts ranged from 
28 to 570 cells/mm? blood. Fig. 1 is a graphical representation of the mean values for the eosino- 
phil count at different times of day. 
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STATISTICAL ANALYSIS 


The data and sources of variation in the data 
The fundamental random variate arising in the data is not the eosinophil count for a subject at 
any time but the replicate, four of which are summed to give the count. Differences between the 
replicates in any one count may be caused by inherent variation in the distribution of eosinophils 
within the chamber or by random errors in the procedures used for mixing the blood sample and 
counting the cells. Any difference between actual counts would be compounded of the basic random 
variation arising as described above, together with biological variation, which may be random or 
may be in accordance with some systematic pattern. In the present series the use of only one 
puncture and one pipette for each count tends to increase the component of random sampling 
error which arises in conjunction with the random biological variation. It was felt, however, that 
the use of a 0-1 ml. blood sample would minimize the former source of variation. Such sampling 
errors are, in any case, small provided care is taken in obtaining the blood sample (Biggs, 1951). 


175 
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(Geometric) mean eosinophil count 
(cells/mm? blood) 


10am. iam. 1p.m 2 p.m 3p.m. 4p.m. 
Time of day 

Fig. 1, Mean values during the day for the count of circulating eosinophils: average of twenty 
subjects. The geometric rather than the arithmetic mean was used because variations in 
eosinophil count had been shown statistically to be proportionate in character. To obtain the 
points, the figures in Table 1 were converted to logarithms, The log counts for each hour were 
then averaged and converted back tc absolute numbers. 


The statistical model adopted 
= Ag + By + Oy + + + + (1) 


In this relation the symbols have the following significance: 
+ denotes the individual subject (i =1, 2,..., 20). 
j denotes the individual hour (j =1, 2,..., 6). 
k denotes the individual day (k =1, 2, 3). 
t denotes the individual replication (t=1, 2, 3, 4). 
Then 
4jx¢ denotes the variate value corresponding to the tth replication on the kth day at the jth 
hour for the ith subject. 
K is a constant. 
A, denotes the basic level for the ith subject. 
B, denotes the basic level for the jth hour. 
C, denotes the basic level for the kth day. 
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],; denotes the difference superimposed on the jth hour basic level in respect of the ith man. 
u,, denotes the variation in the kth dey level in respect of the ith subject. 

vj, denotes the variation in the jth hour level on the kth day. 

Aenotes the random biological variation. 

2;jx¢ denotes the random variation between replicates. 


In the model (1) the ‘man-hour’ interaction /,, is considered as a difference superimposed on the 
‘basic diurnal pattern’, whilst the ‘man-day’ and the ‘hour-day’ interactions u,, and Vy, are 
considered as random variations. The reason for the difference in the mathematical nature of these 
interactions is that it has been assumed, following Mann & Lehmann (1952), that the diurnal pat- 
tern of each individual subject follows one of a limited number, three, of distinct patterns. In 
this case the basic diurnal pattern is then in fact the average of all the individual patterns and 
man-to-man differences within each of the three groups are caused by the random biological varia- 
tion. The man-day interaction, on the other hand, represents a difference in the subject’s level from 
day to day and there is no reason to believe that this difference follows any fundamental pattern 
or is anything but random from day to day ; a similar argument holds for the hour-day interaction, 
if it existe. 

The analysis of the data 

Before proceeding to the actual analysis of variance, it was necessary to examine the distribu- 
bution of the dependent variate, z,,,,, to see whether this was best expressed in terms of absolute 
numbers of cells or of percentage variations about a basic level. In the first case, the random 
component is normally distributed, while in the second, the logarithm of the random component 
is normally distributed. The model relating to the latter hypothesis is in fact equivalent to (1), 
but with z,.,, now representing the logarithm of the count instead of its absolute value. The second 
model is multiplicative, the effect of an element of variation now being represented by a multiplica- 
tion of the variance and not by an addition to it. 

Considering first the absolute values of all replicates, the distribution of the random errors was 
obtained and the values 


B,=O-121, B,=6-159. (2) 
were calculated. From the logarithms of the readings the values 
B,=0-060, B,—3-829, (3) 


were obtained. For a normal curve, based on 1440 observations, the values would be f, =0, 
8, =3-0, with standard errors of 0-065 and 0-129 respectively. 

It can be seen that whilst neither distribution is significantly skew, as measured by the magni- 
tude of 8,, both curves show a significant departure from normality in the magnitude of 8,. Of the 
two, the logarithmic transform approaches much nearer to normality than the absolute values. It 
therefore seems advisable to reject the first hypothesis, that the model is additive and based on 
absolute values, and accept the second, that the model is multiplicative and based on the logarith- 
mic transform, even though this latter results in a distribution of random errors which still 
departs from normality. 

Examining now not the individual replicates but the 360 separate counts, considering the 
absolute values, the parameters 


B, =0-007, B,=5:89 (4) 
were calculated. For the logarithmic transform the values 


B,=-0-0, (5) 


were obtained. For a normal curve with 360 observations the values of 8, =0, 8,=3-0 have 
standard errors of 0-129 and 0-259 respectively. 

It can be seen that whereas the distribution of the absolute values of the counts still departs 
significantly from normal, the distribution of the logarithms of the counts can be accepted as 
normal, 
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It appears from the above that the biological variations in eosinophil counts are best expressed 
in terms of percentages and not of absolute values. In considering not the counts but the four 
individual replicates which make up each count, it is still preferable to consider the logarithmic 
values, even though the distribution of these values is not strictly normal. 

From the analysis of variance of the 1440 separate readings, the estimated value of the residual 


variance is 
=0-008955 or o=0-0046. (6) 


This value of ¢ is a logarithm and corresponds to an absolute value of 1-243. Thus there is a standard 
deviation of 24-3 % in the value of any replicate. On a count which is the sum of four replicates this 
would give rise to a variance of 0-002239 and a standard deviation of 0-0473, equivalent to 11-5% 
due to random error alone. 

Analysis of variance of the logarithms (to base 10) of the individual replicates gave the results 
shown in Table 2. 


TABLE 2. 


comprise a single eosinophil count 
Mean square and signifi- 
cance of effect when tested 
Sum of peered of against item shown in 
Source of variance Factor squares brackets 
Between men M 92-3429 4-8602T 
Between hours (diurnal pattern) § H 0-2001 5 0-0400T 
Between days D 0-0945 2 0-0473 N.S. [M x D} 
Individual day-to-day variation MxD 4-0821 38 0-1074* [M x H x D] 
interaction 
Individual diurnal pattern MxH 47612 95 - 0-0501* [M x H x D] 
interaction 


Changes in mean hourly values HxD 00-2873 10 0-0287 N.S. [M x H x D] 
from day to day interaction 
Random biological variation MxHxD 32515 #190 0-0171* [R] 
in 


teraction 
Random variation between R 9-6714 1080 0-008955 
replicates residual 
*=very highly significant (P<0-001). N.S.=not significant. + =Significance of these 
effects discussed in text. 


CONCLUSIONS FROM SIGNIFICANCE TESTS 


Comparison of the random biological variation (variance 0-0171, with 190 
degrees of freedom) with the random counting error (variance 0-008955 with 
1080 degrees of freedom) shows a very highly significant effect, i.e. it can safely 
be accepted that there is some random biological variation over and above 
the random counting error. Accordingly, all comparisons made in Table 2 and 
the inferences drawn are based on this random biological variation as the 


fundamental variation. The magnitude of the random —_— of the varia- 
tion of a single count is found to be 


0-0171 
4 


7 =0-0654, equivalent to a standard deviation of 16-2%. (7) 
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From the analysis of variance shown in Table 2, it is seen that the between- 
men sum of squares is by far the largest component and is very highly 
significant. It is further obvious that the significance of this difference is in no 
way affected by considerations of the random or systematic nature of the 
man-hour interaction. This value of the mean square can therefore be reason- 
ably accepted as a basis for the estimation of the population between-men 
variance for predictive purposes in the future, provided that there are no long- 
term trends in eosinophil counts which would bias this difference. 

The ‘between-days’ effect is not significant when tested against the man-day 
interaction, which is the appropriate error term to use in this case. This indi- 
cates that taking blood samples from a subject on any one day does not affect 
the eosinophil count on subsequent days. 

The decision as to the existence of a “between hours’ mean square, that is, of 
an average diurnal pattern, must be viewed against the assumption made in 
the model regarding the form of the man-hour interaction. The assumption 
that there is only a small limited number of different man-hour patterns (in 
this case three) and that the individual subjects in our group of twenty must 
fall into one or other of these three patterns, implies that if this group of 
twenty is considered in isolation, it is possible to judge the existence of an 
average diurnal pattern for this group by comparing the expected mean- 
square for the between-hours variance with the random hour-day interaction 
if it exists, or with the random biological variation if it does not exist. As 
from this analysis it is concluded that the hour-day interaction does not exist, 
the criterion is then a comparison of the between-hour variance with the ran- 
dom biological variation. 

Testing for the existence of the average diurnal pattern on this basis, a 
difference is found which is significant at the 5% level. There are thus reason- 
able grounds for believing that for this group of twenty subjects there is an 
average diurnal pattern. The existence of this diurnal pattern is established, 
however, only for the group considered and in no way establishes any property 
of the general population. 

For an extension of this average effect to the whole population, it would be 
necessary to postulate that the twenty subjects in the group fall into the three 
distinct diurnal patterns in exactly the same proportion as the whole popula- 
tion. There is no obvious justification for this statement. It would have been 
of great value had it been possible from the data to confirm the existence of the 
three different patterns or to have found the mode of separation of the 
subjects into these three patterns, but, by reason of the comparatively large 
random biological variation relative to the small number of days’ experience 
for each subject, this has not been possible. 

Of the interactions, the hour-day interaction does not appear to exist, that 
is, there is no suggestion that the mean hourly count varies from day to day 
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irrespective of the subject. Both the other interactions are found to be very 
highly significant. The existence of the highly significant man-hour interaction 
confirms that certain different diurnal patterns exist, although as has been 
stated earlier it is not possible to determine how many such patterns there 
are. The diurnal pattern shown in Fig. 1 is then the average of such distinct 
patterns taken over the twenty subjects in the trial group. The man-day 
interaction, implying that for any subject a different level is set each day, is 
also very highly significant. The extent to which this level varies is effectively 
random and from the results of Table 2 the calculated magnitude of its 


variance is 
o? =0-015052 or o =0-1227, equivalent to a standard deviation of 32-6%. 
(10) 
The values of the variances for random counting, random biological variation 
and day-to-day difference in a specified subject can be combined to give the 
following results: 


(a) The count for a given subject at a fixed time of day has a day-to-day 
variance of 


(0-004278 + 0-015052) = 0-019330, equivalent to a standard deviation of 37-8%. 
(11) 

(b) The 95% confidence limits for any count in one subject at a given time 
of day are 54-186 °% of the mean value for the subject at that time. 

(c) The 95% confidence limits for the ratio of two cownts for the same subject 
at the same time of day but on different days are 41-243 %. 

(d) On the average, for the twenty subjects studied in the present investiga- 
tion, the 95°, confidence limits for the ratio of two counts at different times 
on the same day are 67-150°%, multiplied by the appropriate ratio shown in 
Fig. 1 for the times in question. 

Itshould be noted that (a), (b) and (c) above are statements of general validity. 
On the other hand (d) was obtained by treating the man-hour difference as 
systematic, based on the assumption that a subject’s diurnal pattern falls into 
one of three distinct groups. The result shown here thus holds only in respect 
of the average of the twenty subjects in one group and cannot be applied to 


any other subjects. It provides some indication, however, of the likely range 
of variation. 


DISCUSSION 


The statistical analysis shows that in normal subjects, proportionate, but not 
absolute changes in eosinophil count can be treated as if they were normally 
distributed. The eosinopenic response to adrenocorticotropin (ACTH) has 
also been shown to be proportionate (Hills, Forsham & Finch, 1948). This sug- 
gests that the pituitary-adrenal mechanism might be causing normal varia- 
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tions. Both the differences in the mean level of the eosinophil count from day 
to day and the slow periodic variations during the day might result from 
alterations in the rate of secretion of adrenocortical hormones (Halberg, Flink 
& Visscher, 1951). In Addison’s disease, random variations in eosinophil count 
are still present, though limited in size (Halberg et al. 1951; Flink & Halberg, 
1952; Bonner, 1952), but, as the last-named author points out, remnants of 
the adrenals may remain active in this condition. However, Swingle, Eisler, 
Ben, Maxwell, Baker & Le Brie (1954) have observed a profound eosinopenia 
in adrenalectomized dogs exposed to stress. In a later publication, Swingle, 
Eisler, Baker, Le Brie & Brannick (1955) showed that prior treatment of such 
animals with the antihistaminic drug tripelennamine hydrochloride (Pyri- 
benzamine, Ciba) abolished the eosinopenic effects of histamine itself, 
posterior pituitary extract (Pituitrin, Parke, Davis), epinephrine, phentolamine 
(Regitine, Ciba) and compound 48-80. The fall in eosinophils caused by 
cortisone was not affected, however. In view of these findings it seems probable 
that noxious agents may cause eosinopenia both through the pituitary-adrenal 
mechanism and directly as a result of the release of histamine from tissues. 
It must be concluded, therefore, that the precise physiological basis of 
observed changes in the eosinophil count of an intact animal or human subject 
is not easily defined. It is possible that further work on the ingestion of 
eosinophils by macrophages, which is stimulated by cortisone (Padawer & 
Gordon, 1952) and on the release of eosinophils from the bone marrow, which 
is inhibited by glucocorticoids (Essellier, Jeanneret & Morandi, 1954) might 
elucidate the origin of all these types of variation. 

The results of the present investigation confirm the existence of individual 
diurnal patterns. However, owing to the large size of the random biological 
variation, the data in Table 1 do not permit discrimination between Mann & 
Lehmann’s (1952) view that there are only three types of diurnal pattern and 
any other hypothesis about the number of different types. 

The curves of group means given by Rud (1947), Tatai & Ogawa (1951) and 
Donato & Strumia (1952), which show a minimum count in the middle of the 
day, resemble Fig. 1, while similar results led Swanson et al. (1952) to recom- 
mend that tests involving the measurement of a fall in eosinophils should be 
carried out in the afternoon. It seems likely, therefore, that a diurnal pattern 
of this type is a feature of group means. However, on examining Table 1, it is 
found that twenty-two out of the sixty records or, taking geometrical means, 
eight out of the twenty subjects, show a fall between 2 and 4 p.m. in spite of 
the general trend in the opposite direction as exemplified by the curve in 
Fig. 1. Consequently the essential condition for comparative studies is that 
measurements on the same subject should always be made at the same time of 
day, not necessarily only in the afternoon. 

The ranges of variation in the eosinophil count of an individual subject, 
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given in the statistical section of this communication, are similar to those 
observed by Rud (1947) and by Fisher & Fisher (1951), although the latter 
workers do not express their results in terms of confidence limits, thus making 
detailed comparison impossible. Rud (1947) derived his results from scatter 
diagrams in which the greatest positive and negative deviations from the 
mean count of a number of individuals were plotted against the mean count. 
Two straight lines were drawn on the diagram to represent the upper and 
lower limits respectively of individual counts. These lines, which did not, 
however, enclose all the points in the scatter diagram, were used subsequently 
to calculate maximum and minimum counts for the same subject as percent- 
ages of the mean count. His limits varied from 28 % and 200% for an average 
count of 25 cells/mm* to 33% and 179% for an average count of 350 cells/mm?. 
Comparable figures for the present series are 54-186 %. The small effect due 
to diurnal periodicity shown by the latter group of subjects would, if its maxi- 
mum influence were exerted, reduce the lower value to 50°% and increase the 
higher to 201 %. The upper limits of the two series are in fairly good agreement 
but the lower limits given by Rud (1947) are smaller than those obtained in 
the present investigation. It is possible that this worker’s use of only one 
counting chamber and a 1:20 dilution for each count might increase the likelli- 
hood of obtaining a low result, as might his use of a dilution fluid containing 
acetone. Fluids containing the latter solvent have been shown by Henneman 
et al. (1949) to cause eosinophils to fragment and disappear, giving low counts 
after the first 15 min of contact with the solution. 

Normal variations in the eosinophil count are important since they might 
interfere with tests of adrenocortical reserves, such as that of Thorn, Forsham, 
Prunty & Hills (1948). These authors state that in normal subjects 25 mg of 
ACTH injected intramuscularly causes a fall in eosinophil count to at least 
50% after 4hr. Others have found that occasional patients suffering from 
Addison’s disease may show in this test an eosinopenia of more than 50% 
(de Mowbray & Bishop, 1953) and that occasional normal individuals show a 
response of less than 50%, although the ACTH preparations used retain full 
activity (Best, Muehrcke & Kark, 1952). These anomalous results might well 
have been caused by normal variation, within the limits suggested above, 
superimposed on the effect of added ACTH. Thorn, Goetz, Streeter, Dingman 
& Arons (1953) have devised an intravenous ACTH test and use the original 
intramuscular test only for ‘screening’. In normal subjects an intravenous 
infusion of 20 U.S.P. units of ACTH during an 8 hr period is claimed to cause a 
_ fall in eosinophils of 70-100%, measured 8-10 hr after commencing the infu- 
sion, while patients with Addison’s disease show a change of +40 to —30% 
in the same conditions. This intravenous test should eliminate false negative 
responses in healthy individuals but might not eliminate false positives in 
Addison’s disease. 
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Thorn et al, (1953) consider that the response to ACTH is best followed by 
the increase in 17-hydroxycorticosteroid excretion and by the increased ratio 
of uric acid to creatinine in the urine. However, it is likely that eosinophil 
counts will continue to be used in some investigations as they are relatively 
simple to carry out. The performance of duplicate tests for clinical purposes as 
suggested by Best et al. (1952) should eliminate most of the unsatisfactory 
responses, while due attention to the normal level of eosinophil variation in 
planning physiological experiments should enable valid results to be obtained. 
The analysis of variance given above provides data which can be used for the 
latter purpose. It is felt, furthermore, that the method adopted in the present 
investigation could be applied to studies on normal changes in other physiologi- 


cal variables. 
‘SUMMARY 


1. Considerable hourly changes in eosinophil count were observed in 
twenty subjects during three successive days. 

2. Individuals showed definite diurnal patterns. There was no evidence 
that one pattern was common to all subjects nor could the total number of 
basic patterns be determined. 

3. A diurnal pattern was present in the group mean, statistically signifi- 
cant only for the twenty subjects studied. 

4. Significant (random) day-to-day differences within the same subject 
were found. 

5. Normal variability in eosinophil count is discussed in relation to 
physiological and clinical investigations. 
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THE NERVOUS CONTROL OF JOINT BLOOD VESSELS 


By A. F. COBBOLD ann O. J. LEWIS 


From the Sherrington School of Physiology and the Department of Anatomy, 
St Thomas's Hospital Medical School, London, S.E. 1 


(Received 1 May 1956) 


The innervation of joints has been fully reviewed by Gardner (1950) but, as 
he points out, ‘the manner in which articular vessels are controlled, however, 
remains to be studied’. It has been assumed that, since the joint structures 
are provided with a sympathetic innervation like that of the blood vessels of 
other deep structures, the control of the joint vessels follows a similar pattern. 
However, such behaviour has never been shown by the direct measurement 
of joint blood flow. 


METHODS 


Blood flow was studied in the knee joints of fifteen adult dogs anaesthetized with sodium pento- 
barbitone (50 mg/kg). A preparation suitable for this purpose in which the blood flow in the 
highest articular branch of the femoral artery was measured has been described by Cobbold & 
Lewis (1956a). This artery is accompanied by a vena comitans and an articular twig of the 
saphenous branch of the femoral nerve carrying sympathetic fibres to the articular artery and its 
branches (Gilding, 1932). In the present experiments the outflow from this vein was recorded 
using an electromagnetic flowmeter (Cobbold & Styles, 1955). 

Sympathectomy of the area supplied by these articular vessels can be accomplished by cutting 
the articular nerve, or the sympathetic chain at the fourth lumbar level. Since the femoral nerve 
of the dog arises from the fourth, fifth and sixth lumbar nerves, and preganglionic outflow to the 
sympathetic chain generally only extends to L4, maximal effect would be obtained by cutting at 
this level, though complete and certain denervation would only be expected by removing the 
sympathetic chain from L4 to L6 (Mizeres, 1955). Both these methods of depriving the joint 
blood vessels of their sympathetic innervation were used. Nerve stimulation was carried out 
using the ordinary inductorium. Blood pressure was recorded from a carotid artery by mercury 
manometer. 


RESULTS 


Direct control of joint blood vessels. When the articular nerve was cut the 
blood flow from the joint increased to a level approximately 50% greater than 
the resting level of flow. Stimulation of the peripheral cut end of this nerve 
produced vasoconstriction (Fig. 1). Dividing this articular nerve might not 
result in complete denervation of the vascular bed studied since sympathetic 
fibres might reach it by other articular nerves. To ensure complete removal 
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of nervous control the sympathetic chain on the same side was removed from 


L4 to L6. 


The immediate effect of tying and cutting at L4 level was a marked increase 
in the venous outflow, and after removal of the sympathetic chain below this 
the flow had approximately doubled (Fig. 2). The flow was sustained at this 
higher level for relatively short periods and had usually returned, or nearly 
returned, to the normal level within one hour of the sympathectomy. The 
presence of sympathetic vasoconstrictor fibres to the joint blood vessels was also 


5 sec 


Fig. 1. Effect on joint blood flow of cutting articular nerve. Nerve cut at A; at B stimulation of 


peripheral end of cut nerve. In this and other figures the upper record is of blood pressure in 
mm Hg and the lower is of venous outflow from the joint in ml./min. 
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Fig. 2. Effect of sympathectomy on joint blood flow. At A sympathetic chain cut at L4; 
at B removal of chain from L4 to L6. 
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shown by the decrease in venous outflow which accompanied gentle traction 
on ligatures around the lumbar sympathetic cliain (Fig. 3). 
Reflex control of jount blood vessels. To ascertain whether the joint blood 


vessels take part in general reflex vascular adjustments the blood flow was 


B.P. 


Blood flow (mi./min) mm Hg 
/ 


Fig. 3. At the points indicated by the signal, stimulation of vasoconstrictor fibres to joint 
blood vessels by traction on the intact lumbar sympathetic chain. 
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Blood flow (ml./min) 


0 
Occlusion 
Fig. 4. Effect of occlusion of the carotid arteries on venous outflow from 
the innervated knee joint. 


measured whilst the baroreceptors of the carotid sinus were stimulated by 
occluding the carotid arteries below the sinus. Despite a marked increase in 
blood pressure there was usually no change in the outflow from the joint 
(Fig. 4). In only one dog of the fifteen studied was an increased flow produced 
and a decrease was never observed. Nevertheless, some vasoconstriction 
must have been occurring since repetition of carotid artery occlusion after 
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sympathectomy always produced an increase in flow which must have been 
a passive consequence of the rise in pressure (Fig. 5). 

A lowering of blood pressure was obtained by the successive withdrawal 
of 50 ml. portions of blood. Such haemorrhage caused decreases in joint blood 
flow which were, however, small until a critical level was reached when the 
flow virtually ceased (Fig. 6). On restoring the blood volume to above this 
critical level the blood flow returned to normal, although the blood pressure 
might remain depressed. 


Blood flow (mi./min) 


0 
Occlusion 
Fig. 5. Effect of occlusion of the carotid arteries on venous outflow from the 
A B Cc D E 
-50 -50 -50 +100 


Blood flow (mi./min) 
° 


Fig. 6. Effect of haemorrhage on venous outflow from the knee joint. At A, B, C, D, 50 ml. 
portions of blood were removed from the femoral artery. At E 100 ml. blood re-infused. 
The vertical lines represent times at which the kymograph was stopped for 2 min. 
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DISCUSSION 


These results show that, like other blood vessels, those of the articular 
structures are supplied with sympathetic vasoconstrictor fibres through which 
they are maintained in a condition of tonic constriction. In addition, these 
blood vessels probably possess an inherent basal constrictor tone: for during 
the time when an increased flow persists still more dilatation may be obtained 
by close intra-arterial injection of a vasodilator like acetylcholine (Cobbold & 
Lewis, 19565). 

As is shown by the simple experiments of lowering the blood pressure in the 
region of the carotid sinus and by haemorrhage, the joint blood vessels partici- 
pate in reflex adjustments of blood flow. Since after denervation the joint 
blood flow shows a passive increase with carotid occlusion, the unchanged 
flow observed in the innervated joint must represent a balance between active 
vasoconstriction and the increased perfusion pressure. The sudden cessation 
of flow which is seen during haemorrhage probably reflects the fact that these 
vessels, like others, have a critical closing pressure (Burton, 1954). 


SUMMARY 


1. Venous outflow from the knee joint of fifteen anaesthetized dogs has been 
measured. 

2. Joint blood vessels receive sympathetic vasoconstrictor fibres via the 
articular nerves. Division of articular nerves or removal of the sympathetic 
chain between L4 and L6 increases the joint blood flow. 

3. Joint blood vessels participate in reflex vascular adjustments occurring 
in response to a lowering of the systemic blood pressure. 
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THE ACTION OF ADRENALINE, NORADRENALINE AND 
ACETYLCHOLINE ON BLOOD FLOW THROUGH JOINTS 


By A. F. COBBOLD anp O. J. LEWIS 


From the Sherrington School of Physiology and the Department of Anatomy, 
_ St Thomas’s Hospital Medical School, London, S.E. 1 


(Received 1 May 1956) 


It was shown by Cobbold & Lewis (1956a) that, when measured by the bubble 
flowmeter, adrenaline decreased the arterial inflow to the dog knee joint. The 
action of adrenaline on the venous outflow has now been studied, and, since 
joint blood vessels show sympathetic vasoconstrictor tone (Cobbold & Lewis, 
19566), this action has been compared with that of noradrenaline and of 
acetylcholine. 


METHODS 


The measurement of blood flow in the knee joint of the anaesthetized dog has been described by 
Cobbold & Lewis (1956a, 6). For the study of drug action the articular vascular bed in eight 
such dogs was isolated, all vessels being tied off except the highest articular branches of the 
femoral artery and vein. A polythene cannula was inserted into the stump of the saphenous artery 
and placed so that intra-arterial injection could be made as close to the joint as possible. The 
responses to the drags were observed in the normally innervated and in the sympathectomized 
joint blood vessels. Blood pressure was recorded from a carotid artery using a mercury manometer. 


RESULTS 

Adrenaline, when administered by close intra-arterial injection, caused a 
marked vasoconstriction in both the innervated and the denervated joint. 
Constriction was found as the response to all doses, being transient in doses 
below 0-2.g, but at this level and above the flow was reduced to, or nearly to, 
zero and the constriction lasted for some minutes (Fig. 1). 

Noradrenaline, like adrenaline, caused a vasoconstriction of joint blood 
vessels in all doses, but its effect was more powerful and constriction was more 
prolonged (Fig. 2). With doses greater than 0-2yug the constriction lasted for 
some minutes. 

Acetylcholine was a powerful dilator of joint blood vessels and a dilator 
effect was still found in the sympathectomized joint, even when the blood 
flow was greater than that of the innervated joint (Fig. 3). 
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Blood flow (mi./min) 


Fig. 1. Effect of adrenaline on joint blood flow. At the arrow intra-arterial injection of adrenaline 
0-2 ug. The kymograph was stopped for intervals of 1 min. at the times indicated. In this 
and subsequent figures the upper record is of blood pressure in mm Hg and the lower is of 
venous outflow from the joint in ml./min. Time marker 5 sec. 
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Fig. 2. Effect of noradrenaline on joint blood flow. At the arrow noradrenaline, 0-2 ug, 
was given by close intra-arterial injection. 


DISCUSSION 


The vasoconstrictor action of adrenaline on joint vessels previously reported 
has been confirmed by a method in which the venous outflow from the joint 
was measured by the electromagnetic flowmeter. The dilator response described 
by Bonney, Hughes & Janus (1952) has never been observed to occur with the 
dog knee joint. The fact that intra-arterial doses of adrenaline and of nor- 
adrenaline caused vasoconstriction of denervated joint blood vessels was in 
accord with the observation that they are under the control of sympathetic 


mm Hg 

mm Hg 3 


474 A. F. COBBOLD AND O. J. LEWIS 


vasoconstrictor fibres and show vasoconstrictor tone (Cobbold & Lewis, 
b). 

= a. vascular bed, as elsewhere, acetylcholine had a marked vasodilator 

activity, and the fact that this persisted after the joint blood vessels had been 

deprived of their sympathetic innervation suggests that they possess a con- 

siderable basic and inherent constrictor tone which was not removed by 

denervation. 


Blood flow (ml./min) 
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innervated Denervated 
Fig.“ Effect of acetylcholine on venous outflow from the innervated and denervated joint. At 
the arrows acetylcholine, 0-5 ug, was given by close intra-arterial injection. 


SUMMARY 


1. The venous outflow from the knee joint of the anaesthetized dog has 
been measured using an electromagnetic flowmeter. 

2. Adrenaline and noradrenaline caused constriction of joint blood vessels. 

3. Acetylcholine caused dilatation of joint blood vessels. 
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THE EFFECTS OF ANTICHOLINESTERASES UPON PERI- 
PHERAL VASCULAR RESISTANCE IN THE DOG 


By M. pe BURGH DALY* anp P. G. WRIGHT 
From the Department of Physiology, University College London 
(Received 10 January 1956) 


A number of organic phosphorus compounds known to be potent inhibitors 
of cholinesterase have been extensively studied for their effects on the heart 
rate and systemic blood pressure. The earlier literature concerning the pharma- 
cological actions of these agents has been reviewed by Koelle & Gilman (1949) 
and by Holmstedt (1951). 

Whereas there is general agreement that large doses of anticholinesterases 
often cause a fall in blood pressure in most species, it is not clear to what 
extent this is due to a reduction in cardiac output or to an alteration in 
peripheral vascular resistance or both. Verbeke (1949) showed in the dog 
that tetraethylpyrophosphate (TEPP) caused a fall in blood pressure and 
attributed this to peripheral vasodilatation. K. M. Wilson (personal com- 
munication) reached a similar conclusion with respect to isopropylmethy]- 
phosphonofluoridate (sarin) in the cat. On the other hand, information supplied 
by Holmstedt (1951) would indicate that, at least in the initial stages of 
poisoning with an infusion of ethyl N N-dimethylphosphoroamidocyanidate 
(tabun), an increase in calculated total peripheral resistance occurs. He 
measured changes in cardiac output by the direct Fick method in rabbits and 
found that a reduction in output occurred before there was any change in 
blood pressure. In the rat, intravenous injections of various anticholin- 
esterases cause a rise in blood pressure, and the evidence presented by Dirn- 
huber & Cullumbine (1955) and by Varagi¢ (1955) indicates that this is due to 
peripheral vasoconstriction. Dirnhuber & Cullumbine (1955) further suggest 
that peripheral vasodilator effects predominate in other species. 

No direct measurements under controlled conditions appear to have been 
made of the changes in resistance in the peripheral circulation during poisoning 
with inhibitors of cholinesterase. Moreover, there is little information as to the 
vascular territories participating in these responses, although the observations 
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of Dirnhuber & Cullumbine (1955) would indicate that skin vessels are to a 
large extent responsible. This paper deals with an investigation of these 
problems carried out on the dog. For the most part sarin has been used in this 
study, but in a few experiments TEPP was used for comparison. The effects 
of sarin on heart rate and blood pressure in the dog have been described 
recently by de Candole, Douglas, Evans, Holmes, Spencer, Torrance & Wilson 
(1953), Krop & Kunkel (1954) and by Heymans, Pochet & van Houtte (1956). 


METHODS 


Dogs, varying in weight from 7-0 to.16-8 kg, were anaesthetized with either chloralose (0-1 g/kg 
body weight, intravenously), sometimes preceded by morphine hydrochloride (1-2 mg/kg sub- 
cutaneously), or pentobarbitone sodium (Nembutal, 40 mg/kg intravenously). 

The systemic blood pressure was measured from the femoral artery by means of a mercury 
manometer, and the heart rate by the method described by Daly & Schweitzer (1950) using 
a Thorp impulse counter (Thorp, 1948). 

The tidal air volume of the animal breathing spontaneously was recorded by means of a bell 
spirometer connected to a conventional closed circuit respiratory system. Carbon dioxide was 
absorbed in two soda-lime towers and the rate of oxygen flow into the system was adjusted 
initially so as to maintain the limiting lines of the tidal air tracing horizontal. An upward or down- 
ward trend of the tracing after injection of a drug indicates, therefore, an increase or decrease 
respectively in oxygen uptake by the animal so long as there is no change in the functional 
residual capacity of the lungs. 

When necessary, artificial positive pressure respiration was applied by means of a Starling 
“Ideal” pump. 

Measurement of changes in peripheral vascular resistance 

Changes in peripheral vascular resistance were measured by perfusing various vascular territories 
through their main artery at constant blood volume inflow by means of a Dale & Schuster (1928) 
pump. Three types of experiment were performed. 

(1) Autoperfusion experiments, In these experiments, the vascular territories were perfused 
with blood from the same animal (Fig. 1 A). The lower limb was isolated from the general circula- 
tion, except for any blood passing through the femur itself, by applying an ecraseur de Chassaignac 
about 4 cm below the level of the inguinal ligament. The femoral and sciatic nerves were preserved. 
Perfusion was carried out through a cannula inserted into the distal end of the ligated femoral 
artery. 

In some experiments the upper limb was perfused by the same method. The limb was skinned 
and the paw was severed at the level of the carpal joint to obtain vascular responses occurring in 
muscle only, 

The same type of experiment was used for perfusion of parts of the splanchnic vascular bed 
through either the coeliac or superior mesenteric artery. In all these experiments the perfused 
blood returned to the right heart through the normal venous channels. 

(2) Cross-perfusion experiments. The upper limb was completely isolated from the genera! 
circulation by ligating all the muscle masses and dividing the humerus. The innervation of the 
limb was preserved. The limb was perfused at constant volume inflow through the brachial 
artery with blood from the femoral artery of a donor dog to which the venous blood was returned 
from the cannulated brachial vein of the recipient’s perfused limb (Fig. 1 B). 

In one experiment, the limb was perfused at constant pressure instead of at constant blood 
volume inflow. In this experiment, the brachial artery ‘vas connected directly with the femoral 
artery of the donor animal, and blood flow was measured by means of a rotameter of the type 
described by Shipley & Wilson (1951) but modified according to Bell (1954). 


(3) 
| of the 
| (1) ab 
In the 
(Feldt 
solutic 
| Fig. 1 
fi 
a 


SARIN AND SYSTEMIC CIRCULATION 477 


(3) Responses of skin vessels were investigated by two methods. In the first, the isolated paw 
of the upper limb was perfused at constant blood volume inflow by the method described in 
(1) above. Although the paw does contain a small amount of muscle, it is predominantly skin. 
In the other experiments, the technique of perfusion of the isolated innervated skin flap was used 
(Feldberg & Paton, 1951; Feldberg & Schachter, 1952). The skin was perfused with Locke’s 
solution at constant head of pressure and the arterial inflow volume was measured with an 


B. Cross-perfusion 


Fig. 1. Diagram illustrating autoperfusion of a partly isolated vascular bed (A) and cross-per- 
fusion of the completely isolated limb (B). a, artery supplying reservoir; b, screw-clamp 

- controlling volume of blood flow; c, water-jacketed reservoir; ¢d, Dale-Schuster pump; 
e, warming coil; f and g, side-arms for measuring arterial perfusion pressure (Hg manometer) 
and venous pressure (saline manometer) respectively; , nerve supplying vascular bed. 
For details, see text. 
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enclosed drop recorder. Each drop was recorded on the kymograph by means of a Thorp (1948) 
impulse counter. The vein draining the skin was opened to the atmosphere to exclude the effects 
of changes in venous pressure. The innervation of the skin flap was carefully preserved. 

In all autoperfusion and cross-perfusion experiments the perfusion pressure was measured from 
a side arm of the inflow cannula by means of a mercury manometer and the venous pressure was 
recorded from the central end of a branch of the brachial or femoral vein by means of a saline 
manometer, the open end of which was connected to a small volume recorder. The portal pressure 
was recorded from the central end of the splenic vein when the splanchnic vascular bed was 
perfused. To prevent loss of blood into the spleen, the splenic artery was ligated. 

In all autoperfusion and cross-perfusion experiments, the input side of the pump was con- 
nected to a small water-jacketed reservoir which was supplied with blood from the cannulated 
central end of the femoral artery (Fig. 1A, B). The level of the blood in the reservoir was con- 
trolled by means of an adjustable screw clamp on the inflow tube. Water from a water-bath 
maintained at 37° C was circulated through the jacket of the reservoir and through a warming 
coil situated between the pump and the arterial cannula. 

The insertion of a blood reservoir in the perfusion circuit between the cannula in the central 
end of the femoral artery and the input side of the pump was a safeguard against alterations in 
pump output which might otherwise occur as a result of the wide fluctuations in femoral blood 
pressure produced by injection of the drug. Nevertheless, changes in the level of the blood in the 
reservoir did occur from time to time but they did not amount to more than 3 cm. The output 
of the pump was not influenced by changes in inflow pressure of this order of magnitude. The 
volume of blood in the extracorporeal circulation (reservoir, pump, warming coil and connecting 
tubes) was about 60 ml. 

The top of the reservoir was open to the atmosphere via a small tube to keep the air pressure 
constant when variations in reservoir blood volume occurred. It seems unlikely that any signi- 
ficant loss of carbon dioxide from the blood occurred as substitution of a mixture of 95% O, and 
5% CO, for the air in the reservoir had no effect on the perfusion pressure. 


Calculation of changes in vascular resistance 

The blood flow was not measured in every perfusion experiment. However, the output of the 
perfusion pump remained constant within 8% when tested over the whole range of pressures 
found in this investigation. As a close approximation, therefore, the change in vascular resistance 
can be taken as being proportional to the change in pressure drop across the perfused vascular 
bed, i.e. (mean arterial perfusion pressure minus mean venous B.P.) mm Hg. The change in 
vascular resistance was expressed as a percentage change in pressure drop across the vascular bed. 

All animals were given heparin (Liquemin, Roche Products, Ltd.) (7-6 mg/kg) to render the 
blood incoagulable. isoPropylmethylphosphonofluoridate (sarin) was given in a 1 in 1000 aqueous 
solution into the femoral vein. In other experiments, tetraethylpyrophosphate (TEPP) was used 
in a 1 in 100 aqueous solution. Other drugs used were atropine sulphate (B.D.H.), acetylcholine 
(Roche Products, Ltd.), 2-benzyl-imidazoline hydrochloride (Priscol, Ciba Laboratories, Ltd.), 
and hexamethonium bromide (Vegolysen, May and Baker, Ltd.). 


RESULTS 


In most preparations, sarin, in doses of 25-35 ug/kg, and TEPP, 0-1-0-3 mg/kg, 
caused a gradual diminution in respiratory minute volume leading finally to 
complete cessation of respiratory movements. Occasionally there was an 
initial increase in minute volume. There was always a gradual reduction in 
heart rate and the blood pressure usually fell initially but subsequently 
recovered to its original level within a few minutes of injection, despite 
persistence of the bradycardia. Typical effects on respiration, heart rate and 
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blood pressure are shown in Figs. 2-4 and 5B, C. These results are similar 
to those described by other workers, using these and other anticholinesterases 
in the dog (see reviews by Koelle & Gilman, 1949, and by Holmstedt, 1951; 
also de Candole et al. 1953; Krop & Kunkel, 1954; Heymans et al. 1956). 


Fig. 2. Dog, 9, 15°75 kg. Nembutal. Spontaneous respiration. Autoperfusion of the splanchnic 
vascular bed through the superior mesenteric artery. At a, sarin 25 yug/kg; at 6, atropine 
2 mg. intravenously. (Between marks X-X, the perfusion pressure manometer flag was 
sticking, but the trace is a true record of the changes in mean pressure.) In this and in 
subsequent figures: P.v.P.<portal venous pressure; ¥.vV.P.—femoral venous pressure; 
R.A.P. =right atrial pressure; T.4.=tidal air volume (inspiration upwards); P.P. = perfusion 
pressure; B.P.= systemic blood pressure; and H.R. =heart rate; time marker, 10 sec. 
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| The effect of sarin and TEPP om the peripheral vascular resistance 


Autoperfusion experiments 

By perfusing an isolated innervated organ with arterial blood from the 
same animal, the perfused blood vessels are subjected both to alterations in 
vasomotor tone and to changes in blood composition which may be brought 
about. by the injection of a drug into the animal. The perfused organ is there- 
fore subjected to practically the same conditions as other naturally perfused 
territories, but owing to the dead space in the reservoir, pump and connexions, 
there is delay in blood-borne agents reaching the organ, amounting to 4-1} min 
in different experiments. There is, in addition, some dilution of the agents 
entering the organ. 


of the isolated innervated limb, splanchnic vascular bed, skin and muscle 


Arterial Right ; 
perfusion Venous atrial 
Perfused mm Hg) Hg) ~- (mm Hg) vascular 
Expt, vascular resistance 
no bed Agent Before After Before After Before After (%) 
1 Sarin 155 180 +16 
4 Right brachial TEPP 130 24 — — -=-1 +105 +86 
5 Coeliac artery Sarin 70 210 75 #175 — _ +210 
6 Superior mesenteric Sarin 90 6 lhe — +100 
7 ht radial artery TEPP 1o0ClCd138585 ee 0 4 +31 
__ (skin only) 
8) Right brachial TEPP 5 +23-5 
artery (muscle 
only) TEPP 1s — 0 16 +73 


* Venous pressure was measured in the femoral vein in Expts. 2 and 3, and in the portal vein 
in Expts. 5 and 6, 


In six experiments which involved autoperfusion of the upper or lower limb 
or part of the splanchnic vascular bed, sarin, in doses of 25ug/kg, and TEPP, 
0-3 mg/kg, caused an increase in perfusion pressure. The results are summarized 
in Table 1 and show that the increase in vascular resistance varied from 6 to 
210%. In all cases, the perfusion pressure started to rise within 1} min of 
injection and occasionally before there was any fall in systemic blood pressure 
or in heart rate. In one experiment in which the lower limb was perfused, the 
perfusion pressure fell below the control value after an initial rise. This fall 
was accompanied by a rise in systemic blood pressure which was larger than 
usual and may have caused the fall in perfusion pressure reflexly. Thereafter, 
the blood pressure fell and the perfusion pressure increased again. In all 
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experiments the increase in vascular resistance was maintained throughout 
the period of observation of the drug’s action, although occasionally it showed 
some fluctuations. A typical response is seen in the experiment from which 
Fig. 2 is taken, The responses were found to be the same whether chloralose 
or Nembutal was the anaesthetic used. In five of the six experiments in which 
venous pressure was measured, a rise occurred, but it was small compared with 
the increase in arterial perfusion pressure (Table 1). 

Further tests on this type of preparation suggested that the observed 
increase in vascular resistance is the result of an increase in sympathetic tone. 
This was shown as follows. In two experiments, the nerves innervating the 
limb were divided when the perfusion pressure reached its maximum height. 
A precipitous fall in pressure occurred. An intravenous injection of hexa- 
methonium was given in one other experiment, and it caused a similar fall in 
perfusion pressure, although the final level attained in this instance was 
slightly higher than the control value. 

Vasculat responses in skin and muscle. The results of autoperfusion experi- 
ments of one paw (skin) and of two skinned limbs are summarized in‘ Table 1, 
and show that TEPP, in doses of 0-2-0-4 mg/kg, causes vasoconstriction in 
both skin and muscle. The typical response in the skinned limb is illustrated 
in Fig. 3. There was a rise in perfusion pressure from 118 to 220 mm Hg which 
represents an increase in vascular resistance of 73°. Again, this increase in 
vascular resistance was immediately abolished by section of the nerves to the 
limb (Fig. 36) 8 ing that it was of sympathetic origin. The same increase 
in vascular resistance was observed in the innervated skin flap preparation 
perfused with Locke’s solution when TEPP was injected intravenously into the 
dog (Table 2). 


TaBLe 2, The effect of TEPP upon the vascular resistance in the skin flap preparations 


perfused with Locke’s solution 

Arterial perfusion Arterial inflow Change in 
pressure (mm Hg) (drops/min) vascular 
Expt. cr AW _ resistance 

no Before - After Before After (%) 

10 80 80 150 120 +20 

ll 110 114 96 +16 

Cross-perfusion experiments 


Experiments in which the completely isolated innervated limb is perfused 
from a donor animal serve two purposes. First, when the recipient is poisoned, 
changes in perfusion pressure of the isolated limb reflect variations in sym- 
pathetic tone so long as the composition of the blood perfusing it, remains 
constant. Secondly, when the donor is poisoned, changes in perfusion. pressure 
indicate effects due to agents carried by the blood since the sympathetic 
discharge to the blood vessels remains constant. 
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Fig. 3. Dog, 9, 14-2 kg. Nembutal. Autoperfusion of the isolated innervated skinned fore-limb. 
At a, intravenous injection of TEPP 0-4 mg/kg. At b the nerves to the limb were cut. 
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Poisoning of recipient. The results of three experiments in which the 
recipient animal was injected with sarin, 25ug/kg intravenously, are sum- 
marized in Table 3. In all three experiments there occurred a considerable 
increase in vascular resistance which must have been brought about by an 
increase in sympathetic tone. This is illustrated in Fig. 4. The experiment of 
Fig. 5C in which the donor was adrenalectomized shows that the recovery of 


Fig. 4. Dog, 3, 18-4 kg. Chloralose. Cross-perfusion experiment. Right lower limb isolated from 
the general circulation and perfused with a Dale-Schuster pump from donor dog. Records 
from above downwards: tidal air volume of recipient, blood pressure of donor, limb perfusion 
pressure and blood pressure of recipient. The recipient was injected intravenously with 
sarin 30 ng/kg at a, and with atropine 5 mg at b. Artificial respiration (a.B.) was begun at 
arrow +. 
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the arterial blood pressure after poisoning is accompanied by a considerable 
increase in sympathetic tone of the perfused limb and that this tone diminishes 
again as the blood pressure begins to fall. 

Poisoning of donor. An intravenous injection of sarin (25ug/kg) into the 
donor dog caused a considerable increase in the perfusion pressure as shown 
from the results of the Expts. 125 and 15 in Table 3. This effect also occurs 
when the limb is denervated. In one of the two experiments, the sympatho- 
lytic drug Priscol (1-25 mg) was injected into the arterial inflow tubing to the 
perfused denervated limb at the height of the vasoconstrictor response. An 


immediate fall in perfusion pressure occurred to a level only slightly above its 


TasBLE 3. Cross-perfusion experiments. The effect of sarin upon the arterial pressure of the 
isolated innervated limb perfused from a donor animal at constant blood-volume inflow. 
Sarin was injected intravenously into the recipient and into the donor 

Arterial perfusion Femoral venous Change in 
pressure (mm Hg) pressure (mm Hg) vascular 


MO. Before After Before After Remarks . 
Recipient injected 
12a 165 240 ~- +45 Recipient’s right 
| cervical vagosym- 
pathetio nerve cut 
13 100 185 x +92 
l4a 310 15 5 +190 Donor atropinized 
and | 
Donor injected 
126 145 232 _ _- +60 Recipient atropinized 
15 88 245 10 10 +202 ipient 4 pi . d, 
16 114 92 19-5 = | 
146 85 14 9 12 -18 Donor bilaterally 
17 165 152 6 13 - 125 


control value. These findings suggest that sarin causes the secretion of a sym- 
pathomimetic substance from the suprarenal glands, and recalls the early obser- 
vation of Stewart & Rogoff (1921) who found that eserine causes the secretion 
of adrenaline from the suprarenal gland. This was proved by repeating these 
experiments using bilaterally adrenalectomized donors. The injection of sarin 
no longer caused a rise in perfusion pressure, but on the contrary, a small 
vasodilator response appeared as shown in the last three experiments of 
Table 3 and in the experiment illustrated in Fig. 5B. This vasodilator response 
could be due to accumulation of endogenous acetylcholine, or to alteration in 
the pO, and pCO, of the blood perfusing the limb brought about by respiratory 
failure, or to both, since it was found in these experiments that both acety!- 
choline given intra-arterially to the perfused limb and asphyxia of the donor 
produced by occlusion of its trachea caused a vasodilator response (Fig. 5A). 
Attempts to dissociate these two possible causes of the vasodilator response 
to sarin were not completely successful, but in two experiments intra-arterial! 


oe oO 


| inj 
pe 
per 
| inc 


SARIN AND SYSTEMIC CIRCULATION 485 
injection: of steopine after poisoning the donor caused:an. immediate rise in 
perfusion pressure suggesting that accumulated acetylcholine was at least 
partly responsible (Fig. 5B). 

In conclusion, therefore, these experiments show that the increase in 
peripheral vascular resistance resulting from the injection of sarin is due to an 
increase in sympathetic tone and also to a blood-borne vasoconstrictor sub- 
stance. These effects mask a blood-borne vasodilator component acting 
directly on the blood vessels themselves. 


Fig. 5. Dog, d, 16-2 kg. Chloralose. Cross-perfusion experiment. Right upper limb perfused with 
a Dale-Schuster pump from an adrenalectomized donor dog. A, injection of acetylcholine 1 pg 
into arterial inflow tube. B, donor animal injected with sarin 25 ug/kg at arrow + . Atropine 
_ was then injected 0-5 mg into the arterial inflow tubing, followed 25 sec later by 45 mg 
intravenously. A.R., artificial respiration begun. C, donor animal breathing spontaneously. 
Recipient was injected with sarin 35 g/kg at arrow +, followed by atropine 5 mg intra- 

_ vVenously. a.R., artificial respiration to recipient begun. 


The effect of sarin after denervation of the carotid sinuses 
and arch of the aorta 
One possible explanation of the increase in sympathetic vasomotor tone 
occurring on injection of anticholinesterase agents is a reflex from the baro- 
and chemoreceptors of the carotid bifurcation region and arch of the aorta. 
Our experiments showed that a similar vasoconstrictor response occurred, 
although it was often less pronounced, when preparations were used in which 
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the carotid sinuses and arch of the aorta were denervated by dividing both 
carotid sinus, cervical vagosympathetic and recurrent laryngeal nerves. 

A typical experiment is shown in Fig. 6 in which the upper limb was auto- 
perfused. Sarin caused an immediate vasoconstriction followed 1} min later 


Fig. 6. Dog, 3, 11-5 kg. Chioralose, autoperfusion of the upper limb. Both cervical vagosym- 
pathetic, carotid sinus and recurrent laryngeal nerves cut. At a, sarin 100 ug/kg injected 
intravenously; at 6, atropine 0-5 mg injected into the arterial inflow tubing followed by 
4-5 mg intravenously at c; at d the nerves innervating the limb were cut. An interval of 
24 min elapsed between the two records, 


by a gradual vasodilatation. In the experiment of Fig. 6 the systemic blood 
pressure fell precipitously, but in some others the fall was preceded by a slight 
rise in pressure. In all experiments there was bradycardia, but never cardiac 
arrest; nor was there any conspicuous ‘escape’ of the heart such as occurred 
in preparations with innervated vasosensory zones. 
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) In some experiments with denervated vasosensory zones, the vasoconstric- 
tion was not maintained and was followed by a permanent vasodilatation 
(Fig. 6). In others, such as in the experiment of Fig. 7, the vasoconstriction 
was well maintained. When a permanent vasodilatation occurred and the 


Fig. 7. Dog, g, 11-25, kg. Chloralose. Direct perfusion of the isolated innervated upper limb from 
the femoral artery of a donor dog at constant pressure. Arterial blood flow measured by 
means of a rotameter. Both cervical vagosympathetic, carotid sinus and recurrent laryngea 
nerves cut. Donor animal breathing spontaneously. At a, sarin 100 ug/kg injected intra- 
venously into the recipient animal ; at b, the nerves innervating the limb were cut; at c atropine 
2 mg was injected intravenously. X, artifact. (Note the B.p. and P.P. records cross 15 sec 
after a.) 
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nerves to the limb were cut there was only a slight fall in perfusion pressure. 
When the nerves were cut during a maintained vasoconstriction, nerve section 
caused a pronounced vasodilatation. This is shown in Fig. 7 by an increase in 
blood flow to the limb. Whatever may be the role of the carotid sinuses and 
arch of the aorta in the initiation and maintenance of the increased sym- 
pathetic vasoconstrictor tone caused by sarin, these experiments with 
denervated vasosensory zones indicate that sarin has an action on the nervous 
system other than by reflexes from these zones. 


Effect of atropine 

The effects of atropine (2—5 mg) injected intravenously after sarin or TEPP 
were tested in experiments in which either the limb, skinned limb or splanchnic 
vascular bed were autoperfused. In the trunk of the animal it caused an 
increase in heart rate and a precipitous rise in blood pressure which then fell 
to its original level or slightly below it. The respiratory minute volume was 
often wholly or partly restored. In the perfused vascular bed the perfusion 
pressure returned to normal (Fig. 2). These effects occurred while the inflow 
to the reservoir was stopped momentarily to prevent atropine reaching the 
autoperfused vascular bed. . 

Atropine also caused a fall in perfusion pressure in preparations in which 
the vasosensory zones had been denervated. The size of the fall was, however, 
usually smaller, particularly when the initial vasoconstriction after sarin had 
not been maintained. Such an experiment is shown in Fig. 68, c. 

The effect of atropine on the vascular resistance is at least partly mediated 
through the sympathetic nervous system. Evidence for this was provided by 
cross-perfusion experiments of the limb, because.in these atropine injected 
after sarin caused a diminution of perfusion pressure, the final level being 
slightly lower than the control value (Fig. 4 and 5C). Before reaching this 
final level, however, the perfusion pressure occasionally showed wide fluctua- 
tions. In the experiments in which atropine restored respiration, the per- 
fusion pressure fell to a steady level which was maintained (Fig. 2). In those 


in which respiration remained depressed, the momentary rise in systemic blood — 


pressure, accompanied by a fall in perfusion pressure, was followed by failure 
of the heart, a fall in systemic blood pressure and a rise in perfusion pressure. 
Artificial respiration then restored the heart and blood pressure whilst the 
perfusion pressure fell to a level which was maintained. These effects are shown 
in Figs. 4 and 5C. 

These results suggest that in advanced poisoning with sarin asphyxia is 
partly responsible for the increase in sympathetic tone. Whether the im- 
mediate fall in perfusion pressure accompanying the momentary rise in blood 
pressure on giving atropine is due to a baroreceptor reflex, to an increase in 
cerebral blood flow and hence improved oxygenation of the medullary ‘centres’, 
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or to abolition of a possible central action of sarin is not possible to say. Some 
sympathetic tone was still present after injection of atropine, as was shown 
from the effect of dividing the nerves innervating the limb. Nerve section 
caused a fall in perfusion pressure. 

Further doses of sarin or TEPP after atropine were without effect on the 
vascular resistance until respiration became depressed and then an increase 
in resistance occurred. Such an effect is shown in Fig, 8. The rise in perfusion 


Fig. 8. Dog, 9, 15-76 kg. Nembutal. Autoperfusion of the splanchnic vascular bed through 
the superior mesenteric artery. Sarin 25yg/kg was given intravenously at 12.26 p.m. and 
atropine 2 mg at 12.32. The figure shows the effects of subsequent intravenous injections of 
sarin. Between 1.02 and 1.17 p.m. 1250 ug/kg was given in divided doses; at 1.42 p.m. a 
further single dose of 2000 ug/kg was given; at 1.35 p.m. the response to temporary occlusion 
of the trachea was tested. The arrows refer to the ordinates on each trace. 


pressure is the result of asphyxia causing an increase in sympathetic tone and 
the secretion of a vasoconstrictor substance from the suprarenals. When the 
trachea was occluded for a period of 50 sec there resulted an immediate rise 
in systemic blood pressure and in perfusion pressure. Such a transient occlusion 
was carried out at 1.35 p.m. in the experiment illustrated in Fig. 8. The effect 
was probably due to an increase in sympathetic tone rather than to the 
secretion of vasoconstrictor substance: the response occurred too quickly to be 
accounted for by the passage of the hormone through the perfusion circuit. 
When in the experiment of Fig. 8 respiration became very slow, each breath 
was preceded by a gradual rise in blood pressure and perfusion pressure, and 
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after each breath there was a delay of about 5 sec before the pressures fell 
suddenly. These effects are evident in Fig. 8 from an examination of their time 
relationships and are probably due to an alteration in sympathetic tone. 


Fig. 9. Dog, 9, 12-4kg. Nembutal. Spontaneous respiration. Autoperfusion of the isolated 
denervated lower limb. Sarin 25 ug/kg given at 12.52 p.m. followed by atropine 2 mg at } min 
past 1.00 p.m. At signal (1.25 p.m.), sarin 2000 ug/kg injected intravenously. 


Moreover, the more gradual rise in perfusion pressure seen to occur during the 
last 10 min of the experiment illustrated in Fig. 8 may well be partly due to 
an output of the vasoconstrictor substance, since such a gradual vasoconstric- 
tion also occurred when limbs had been denervated. Such an experiment 's 
illustrated in Fig. 9. After the injection of sarin (2000 g/kg) in the atropinized 
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preparation, there developed a gradual rise in systemic blood pressure. The 
perfusion pressure rose too but the maximum rise occurred later, probably 
because the volume of blood in the dead space in the reservoir and pump 
delayed the arrival of the hormone in the perfused limb. 


DISCUSSION 


Our experiments have shown that, in the dog, the anticholinesterase agents 
sarin and TEPP cause an increase in resistance to blood flow through the 
limbs and splanchnic vascular bed due to an increased discharge in the sym- 
pathetic nervous system. This would appear to be at variance with the results 
of other workers. K. M. Wilson (personal communication) observed in the 
cat that intravenous injections of sarin increased limb volume, which he 
interpreted as due to vasodilatation. However, it is likely that the considerable 
rise in right atrial and peripheral venous pressures which occur under these 
conditions can by passive distension of the vascular bed account for the 
increase in volume which he observed. For instance, after injection of TEPP 
we have observed an increase in vascular resistance of one limb perfused at 
constant volume inflow, whilst the other in a plethysmograph showed a 
volume increase. Such an increase in limb volume cannot, therefore, be 
attributed to vasodilatation. In this connexion, it is interesting to note that 
Mendez & Ravin (1941) found in the cat a decrease in limb volume on injection 
of prostigmine in three out of four experiments. 

Furthermore, there are observations of Verbeke & Votava (1949) and of 
Verbeke (1949) who obtained after injection of anticholinesterases a fall in 
arterial blood pressure which they attributed to vasodilatation. Their observa- 
tions using large doses of hexaethyltetraphosphate (HETP, 0-5 mg/kg) and 
TEPP (0-1-0-3 mg/kg) were made on preparations in which changes in heart 
rate were excluded by previous injection of Parpanit (Geigy), a ganglionic block- 
ing agent which according to Heymans & de Vleeschhouwer (1948) causes block 
of vagal ganglia only in doses of 0-5-3-0 mg/kg. However, it is not certain 
that the dose of Parpanit used did not also block sympathetic ganglia, for in 
the papers of Verbeke (1949) and Verbeke & Votava (1949) it is not clear what 
doses of parpanit were used. In one of their experiments (see Fig. 7 of the 
paper by Verbeke & Votava, 1949) a dose of 20 mg/kg was given, which is 
sufficient to paralyse not only vagal ganglia but sympathetic ganglia as well 
(Heymans & de Vleeschhouwer, 1948). In that case any sympathetic vaso- 
constriction produced by these anticholinesterases would be abolished. The 
observed fall in arterial blood pressure in their experiments might well be 
a peripheral effect of accumulated acetylcholine. In any case the effects 
observed on blood vessels after injection of anticholinesterases into prepara- 
tions pretreated with Parpanit cannot be considered to be their usual 
response. Nevertheless, Verbeke (1949) did show that small doses of TEPP 
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(0-002-0-05 mg/kg) caused a fall in blood pressure, accompanied by no change 
or by an increase in heart rate, in the normal anaesthetized dog. 

In our experiments the observed increase in perfusion pressure which 
occurs after the injection of an anticholinesterase could be produced by several 
mechanisms, such as an increase in haematocrit concentration, muscular 
fasciculations in the case of perfused limbs, increased sympathetic vaso- 
constrictor tone or the release of hormones from the suprarenal medulla. 

An increase in haematocrit concentration actually occurs after the injection 
of anticholinesterase, probably as a result of emptying of the blood stores in the 
spleen (Daly, to be published). However, an examination of the time relation- 
ship of the onset of the rise in perfusion pressure and increase in haematocrit 
concentration, and also the immediate effects on the perfusion pressure of 
atropine and of dividing the nerves innervating the limb, have ruled out the 
possibility that an increase in viscosity of the blood is a major cause of the rise 
in pressure. Further, in the cross-perfusion experiments involving poisoning 
of the recipient animal, this possibility did not arise. 

In a few experiments there was some suggestion that a change in perfusion 
pressure could be produced by contraction of the muscles such as occurs during 
muscular twitching. This usually consisted of a rise in pressure but was small 
compared with the maximum effects observed, and moreover no correlation 
was found between the general trend of the perfusion pressure and the onset 
or severity of muscular twitching. 


Changes in sympathetic vasoconstrictor tone 

In cross-perfusion experiments the injection of sarin or TEPP into the 
recipient animal caused a rise in limb perfusion pressure which was reduced 
by nerve section or by blocking autonomic ganglia with hexamethonium. This 
vasoconstriction did not occur if the nerves to the limb were previously 
divided. The most likely cause for such vasoconstriction is an increase in 
sympathetic tone. 

The increased vasoconstrictor discharge after sarin or TEPP could be 
brought about by reflexes from the vasosensory zones of the carotid sinuses 
and arch of the aorta, by central asphyxia, by a central action of the anti- 
cholinesterases or by an action on the sympathetic ganglia. 

Whilst it is probable that reflexes from the vasosensory zones would con- 
tribute to the increase in vasoconstrictor tone on injection of an anticholin- 
esterase, the results of experiments in which these zones were denervated show 
that this effect is dependent on other factors as well. First, asphyxia occurs 
after injection of an anticholinesterase as a result of a reduction of pulmonary 
ventilation and could, therefore, produce peripheral vasoconstriction through 
a direct action of the changes in arterial blood gas tensions on the vasomotor 
centre (Traube, 1863; Dastre & Morat, 1884; Mathison, 1911) or on the spinal 
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cord (Kaya & Starling, 1909; Mathison, 1910). Furthermore, if the cerebral 
metabolism undergoes no change, the tensions of oxygen and carbon dioxide 
in the brain will be altered by changes in its blood flow. To what extent this 
varies during anticholinesterase poisoning is, as far as we are aware, unknown. 

Secondly, the vasoconstrictor discharge may be due to a central excitatory 
action of anticholinesterases per se on some part of the central sympathetic 
pathway as these drugs are reported to have excitatory and paralytic central 
actions. Varying effects on the heart rate and blood pressure have been reported 
as a result of intracisternal, intraventricular or intracarotid injections of 
anticholinesterases. However, such a possible action of the anticholinesterases 
has to be proved experimentally beyond doubt before this mechanism can be 
taken as a cause for the sympathetic discharge. 

Lastly, the anticholinesterases may facilitate synaptic transmission across 
sympathetic ganglia by prevention of hydrolysis of acetylcholine released 
locally. Such an effect of anticholinesterases has been observed in perfused 
sympathetic ganglia (Feldberg & Vartiainen, 1935; Marazzi & Jarvik, 
1947; Holaday, Kamijo & Koelle, 1954). Another possible mechanism by 
which anticholinesterases may facilitate synaptic transmission is by an in- 
crease in the concentration of circulating adrenaline (Biilbring & Burn, 1942; 
Biilbring, 1944). However, in experiments on the entire animal, an action of 
anticholinesterases on sympathetic ganglia has been denied (Heymans & 
Jacob, 1947; Verbeke, 1949; Verbeke & Votava, 1949). In the absence of 
information on the preganglionic sympathetic activity in the entire animal 
during poisoning with anticholinesterases, it is not clear to what extent 
facilitation of synaptic transmission in sympathetic ganglia contributes to the 
increased peripheral resistance. 

The effect of atropine in reversing the increase in sympathetic tone produced 
by anticholinesterases is of interest with regard to the mechanisms by which 
this increase in tone is produced. In the rat, both Dirnhuber & Cullumbine 
(1955) and Varagid (1955) observed that atropine had an antagonistic effect to 
anticholinesterases. Dirnhuber & Cullumbine (1955) found that pretreatment 
with atropine in doses of 10 mg/kg reduced the pressor effect of anticholin- 
esterases. However, the effect of such a large dose of atropine need not only result 
from a competitive action in the central nervous system; the atropine could 
also act in the sympathetic ganglia, since in cats and rabbits intravenous 
injection of atropine in doses as small as 1-2 mg/kg are known to produce 
partial or complete block of synaptic transmission (Marrazzi, 1939; Fink & 
Cervoni, 1953; Acheson & Remolina, 1955). However, since some species of 
animals, especially rodents, can tolerate large doses of belladonna alkaloids 
owing to the presence of atropinase in the blood and liver, we consider this 
point requires further investigation. There is one other mechanism by which 
atropine could produce effects antagonistic to anticholinesterases. In instances 
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where injection of anticholinesterases causes a fall in arterial blood pressure, 
atropine could act by increasing cerebral blood flow through recovery of the 
blood pressure. The resulting reduction in cerebral tissue pCO, and increase 
in pO, might diminish the central stimulant action of asphyxia produced by 
the initial injection of the anticholinesterase. It is apparent, therefore, that 
the antagonistic effect of atropine does not allow us to differentiate between 
the various mechanisms by which anticholinesterases might increase sym- 


pathetic discharge. 
Role of adrenaline 


Our results strongly suggest that in addition to an increased sympathetic 
vasoconstrictor tone, a blood-borne sympathomimetic substance originating 
from the suprarenal glands, probably adrenaline or a mixture of adrenaline 
and noradrenaline, is responsible for the vasoconstriction. In this connexion, 
it is of interest to note that Stewart & Rogoff (1921) showed that, in 
cats under ether anaesthesia, eserine caused an increase in the output of 
adrenaline. 

The following results provide the main evidence that a blood-borne sym- 
pathomimetic substance contributes to the vasoconstriction. In the auto- 
perfusion experiments denervation of a limb did not completely abolish the 
rise in perfusion pressure. In the cross-perfusion experiments, intravenous 
injection of sarin in the donor animal led to increased vascular resistance in 
the isolated limb of the recipient and, in denervated limb preparations, this 
effect. was abolished by intra-arterial injection of the sympatholytic drug, 
Priscol. But the vasoconstriction did not occur when the donor animal had 
been adrenalectomized. In view of the considerable increase in vascular 
resistance which occurred in denervated limbs, the secretion of hormones from 
the suprarenal medulla must play an important role in maintaining the arterial 
blood pressure in anticholinesterase poisoning. 

The output of suprarenal hormones might be the result of an increased 
sympathetic discharge in the splanchnic nerves as already suggested by 
Stewart & Rogoff (1921) for the adrenaline secretory effect of eserine. The same 
mechanisms as were discussed for sympathetic vasoconstrictor discharge 
might then be responsible for the discharge to the suprarenals. On the other 
hand, the anticholinesterases might have a peripheral secretory effect on the 
medullary cells of the suprarenals or again arterial anoxia or a deficient circula- 
tion through the suprarenals might be the cause for the stimulation of the 


glands. Biilbring, Burn & de Elio (1948) have obtained an increased secretion _ 
of adrenaline from the suprarenals during arterial anoxia and when the 


circulation through the gland was diminished. 

The question arises as to whether any other vasoconstrictor substance, such 
as 5-hydroxytryptamine, is liberated into the blood stream on poisoning with 
anticholinesterases. The results obtained in cross-perfusion experiments in 
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which the adrenalectomized donor was poisoned with an anticholinesterase 
speak against this possibility. In these experiments the anticholinesterase 
produced not vasoconstriction but vasodilatation. Although this result does 
not rule out the release of vasoconstrictor substances such as 5-hydroxy- 
tryptamine, it suggests that their contribution to the overall vasoconstriction 
could only be very small. 


Peripheral vasodilator component 

We found that injection of sarin causes vasodilatation in cross-perfusion 
experiments when the limb is perfused from an adrenalectomized donor. This © 
is either due to a direct peripheral vasodilator action of the anticholinesterase, 
to accumulation of endogenous acetylcholine, or to asphyxia resulting from 
severe bronchoconstriction and depression of respiration, as the response can 
only have been brought about by agents carried in the blood stream. Acetyl- 
choline is known to cause vasodilatation (Dale, 1914) as does local asphyxia 
(Cohnheim, 1872; Roy & Brown, 1879). Further, Paulet (1954) found that 
small doses of TEPP injected into the femoral artery caused vasodilatation. 
This may be a direct vasodilator action of TEPP but is more likely due to 
accumulation of acetylcholine. 

Our results may have an important bearing on the treatment of anti- 


cholinesterase poisoning. In reported cases of accidental poisoning with anti- 


cholinesterases in man (Grob, Garlick & Harvey, 1950) the blood pressure 
usually increases and it is only just before death that it falls. If the intense 
vasoconstriction in both skin and muscle which we have observed in animal 
experiments occurs in man as well, it will result in a considerable reduction in 
the peripheral blood flow. In the treatment of poisoning, therefore, this 
possibility should be borne in mind. 


SUMMARY 

1. The effects of two potent inhibitors of cholinesterase, isopropylmethyl- 
phosphonofluoridate (sarin) and tetraethylpyrophosphate (TEPP), adminis- 
tered intravenously, have been investigated upon the cardiovascular system 
in anaesthetized dogs. Changes in peripheral vascular resistance were indicated 
by alterations in arterial pressure in isolated innervated organ preparations 
perfused at constant blood volume inflow. Perfusion was carried out either 
from the same animal or from a donor dog. 

2. Sarin and TEPP, in doses of 25-35 ug/kg and 0-1-0-3 mg/kg respectively, 


striction in the limbs and splanchnic area. 
3. In the limbs the vasoconstriction occurs in both skin and muscle. 
4. The vasoconstriction in the limbs is due to an increase in sympathetic 
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vasoconstrictor tone and to liberation of hormones from the suprarenal gland. 
The possible causes of the increase in sympathetic tone are discussed. 

5. When the vasoconstrictor mechanisms in the limb are excluded by 
division of the nerves to the limb and by removal of the suprarenals, a vaso- 
dilator effect of anticholinesterases is unmasked. 

6. In animals poisoned with anticholinesterases atropine causes accelera- 
tion of the heart and a momentary rise in blood pressure to a level exceeding 
its initial value. A fall in peripheral vascular resistance also occurs provided 
pulmonary ventilation is adequate. If respiration remains depressed, the 
blood pressure falls, the heart fails and an increase in peripheral resistance 
occurs. These effects are probably the result of asphyxia, because they are 
reversed by applying artificial respiration. 


We wish to express our thanks to Dr M. Schachter for showing us the technique of perfusing the 
skin flap, and to Mr D. R. Bacon for technical assistance. This work was supported in part by an 
expenses grant from the Medical Research Council to one of us (M. de B. D.). The sarin and TEPP 
were kindly supplied by an Establishment of the Ministry of Supply. 
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THE EFFECT OF NORADRENALINE ON THE GASTRIC 
SECRETORY RESPONSE TO HISTAMINE IN THE DOG 


By E. H. L. HARRIES 
From the Department of Physiology, University College London 


(Received 1 February 1956) 


The discovery by Emmelin & Muren (1951) that parasympathetic denervation 
of the salivary glands sensitizes them to circulating adrenaline suggests that a 
similar phenomenon might be demonstrable elsewhere in the alimentary tract, 
notably in regard to the gastric glands. The experiments to be reported here 
were undertaken as a preliminary study of the effect of noradrenaline on 
gastric secretion stimulated by histamine before investigating the influence of 
vagotomy. The confusion which formerly existed regarding the effects on 
gastric secretion of adrenaline or sympathetic stimulation (Babkin, 1950; 
Code, 1951) has been partly clarified by the work of Code & Forrest (1954), 
who found that in conscious dogs provided with Heidenhain pouches, infusion 
of adrenaline or noradrenaline inhibited a secretion of gastric acid evoked by 
histamine. The results of the experiments to be described, and the interpreta- 
tion of them, are in certain respects different from those of Code & Forrest. 


METHODS 


At a preliminary aseptic operation a metal cannula was installed in the most dependent part of 
the stomach in each of five dogs. In three of the animals, permanently indwelling polythene 
cannulae were inserted into the external jugular vein by a simplification of the method of Stroud, 
Stetson & Rahn (1952). All the animals remained in good health throughout the investigation. 

A constant-rate injection apparatus was used for intravenous infusion of histamine and 
noradrenaline solutions. This consisted of three 20 ml. syringes which were emptied simultaneously 
at the same rate (approx. 3-6 ml./hr) by a common motor drive. A three-way tap was fitted to 
each syringe so that the contents of any or all of them could be discharged into the dog at the 
same time. The syringes contained respectively (1) 0-9% NaCl solution, (2) histamine acid phos- 
phate in 0-9% NaCl solution, and (3) noradrenaline acid tartrate in 0-9% NaCl solution. The 
histamine solution was infused continuously, together with either of the other two solutions. The 
noradrenaline solution was turned on at the same time as the saline was diverted into a reservoir, 
and vice versa, so that the inflow of histamine was unaffected. The solutions from the syringes 
passed to the dog via a length of fine-bore plastic tubing which either connected with the jugular 
cannula (see above), or in some experiments was introduced directly into a leg vein through a 
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wide-bore hypodermic needle which was then withdrawn, leaving the tubing in the vein. The 
length of tubing between syringes and dog was approx. 50-0 cm, containing approx. 0-5 ml. of 
fluid. With the discharge rate of the syringes used (3-6 ml./hr), the time elapsing after changing 
say from saline to noradrenaline infusion before the new solution began to enter the circulation 
was thus approx. 5 min. This was allowed for in the consideration of the results. Histamine acid 
phosphate was infused at rates of 0-15-1-5ug/kg/min for periods up to 5 hr, and noradrenaline 
at rates of 0-3~1-2 ug/kg/min for periods of 10 min—2 hr. 

Samples of gastric juice were titrated for free and total acidity using Tépfer’s reagent and 
phenolphthalein as indicators. Because of the inevitable contamination with saliva, rates of 
secretion were recorded in terms of m-equiv of acid output. 


RESULTS 


With the doses of histamine used a flow of acid gastric juice was always 
obtained. The secretion reached a maximum in the course of half an hour and 
usually a plateau of secretion was obtained unless the initial rate of secretion 
was high (0-30 m-equiv HCl/min); in these circumstances, the rate of secretion 
gradually declined at a uniform rate. During the course of the experiments, 
one of the dogs tended to become more sensitive to histamine; a response 
evoked originally by 1-5ug histamine acid phosphate/kg/min could after 
six months be produced by a fifth as much histamine. 

Noradrenaline in the doses employed always caused a diminution in the rate 
of gastric secretion (Fig. 1) in all the dogs studied, although the effect was not 
always as pronounced as in this figure. It was never possible to stop the flow 
of gastric juice completely with the doses of the two drugs used. When hista- 
mine and noradrenaline were given simultaneously from the beginning of the 
experiment two patterns of inhibition were seen. First (Fig. 2), there was a 
response in which the secretion reached a plateau in 20-30 min as it normally 
did, but was only about 20-30 % of the expected level. When the noradrenaline 
was stopped, the secretory rate rapidly climbed to a new level, approaching 
that which would be expected if no noradrenaline had been given. The second 
pattern of response was less frequent, occurring only three times in ten experi- 
ments. Here the secretory rate reached a peak just below the expected level 
in the usual time, but was followed by a decrement (Fig. 3). When the infusion 
of noradrenaline was stopped, the rate of secretion rose slowly to reach a level 
equivalent to that expected if the histamine had been given alone. If the 
infusion of noradrenaline was started a little before the histamine, no qualitative 
difference could be seen between the new responses and those obtained when 
the histamine and noradrenaline infusion commenced simultaneously. 

In all the dogs noradrenaline appeared to cause a regurgitation of bile from 
the duodenum. This regurgitation was not of constant occurrence, and it 
varied from dog to dog, being comparatively rare in one and comparatively 
common in another. Occasionally, when there was regurgitation of bile, the 
dogs attempted to vomit: there was no obvious correlation between the amount 
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of bile regurgitated and the occurrence of vomiting. The longer the noradrena- 
line was given, however, and the greater its concentration, the more likely was 
bile to be regurgitated. 

In these experiments, the heart rate was counted before, during and after 
the administration of noradrenaline. It was always altered by the noradrena- 
line. Usually there was a fall in rate of about 15 beats per min during the first 
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Fig. 1. Inhibition of secretion following three successive administrations of noradrenaline on the 


Dotted line represents extrapolation of the rate of secretion between the 


90th and 115th minutes of the experiment to estimate the amount of acid which would be 
secreted if no noradrenaline were given. Noradrenaline = 1-2ug/kg/min: histamine acid 
phosphate = 0-6 ug/kg/min continuously. The calculated percentage inhibitions for the three 
infusions of noradrenaline are 57, 56 and 52 respectively. 
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Fig. 3. Inhibition of secretion during the administration of noradrenaline 0-6 ,g/kg/min for 
160 min. Histamine acid phosphate 10-5 ug/kg/min given continuously. 
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2 min; less commonly there was a cardiac acceleration of about 20-25 beats 
per min when the noradrenaline started and this was followed by a fall to the 
original rate or below within 5 min. When the infusion of noradrenaline was 
stopped, cardiac acceleration invariably occurred to a rate about 35 beats per 
min faster than that which obtained before the noradrenaline had been given. 
This increased heart rate began to decline within 0-3 min. 

One of the dogs, before it was accustomed to the experimental procedure, 
often showed a high rate of resting secretion of high acidity (0-10-0-15 m-equiv 
HCl/min) which was presumably vagal juice, since the dog was fasting. An 
infusion of noradrenaline (0-6 ug/kg/min), which would only slightly inhibit a 
flow of juice of the same acidity produced by histamine in the same dog, was 
able to abolish this. secretion in 5 min, as also did 2 mg atropine sulphate 
intravenously. 

Inhibition and secretion rate 

When noradrenaline was infused at a high rate (1-2.g/kg/min) it was found 
that the inhibition of acid output in response to histamine was independent of 
the initial rate of secretion over a wide range (0-05-0-30 m-equiv HCl/min). 
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Fig. 4. Inhibition of secretion in m-equiv plotted against initial secretory rate in m-equiv/min. 
The results are taken from two dogs when noradrenaline was infused at 1-2 u.g/kg/min. Open 
and closed circles represent the two dogs. 


In Fig. 4 the inhibition produced by noradrenaline is expressed as the difference 
between the acid (m-equiv) secreted during a 25 min period immediately 
before commencing noradrenaline infusion (A) and that secreted during the 
same period following this (B). When this quantity (A — B) is plotted against 
the rate of acid output (A) (m-equiv), it is seen that a linear relation exists, 


i.e. 4—B= const, x A. Thus percentage inhibition 3 100) is independent 


of the secretion rate (A). 
These findings are borne out by expressing graphically the relation between 
the percentage inhibition of acid output (expressed as described above) 
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produced by the three infusion rates of noradrenaline used, and the rates of 
histamine injection in different experiments. As Obrink (1950) has shown, 
there is a well-defined relation in a given dog between rate of histamine in- 
fusion and resultant acid output. Fig. 5 shows that the percentage inhibition 
of acid output is substantially constant for three levels of noradrenaline in- 
fusion over a wide range of histamine infusion rate, although at high values of 
the latter, some tendency towards a decline in the degree of inhibition pro- 
duced by noradrenaline appears. 

Finally, it is apparent from Fig. 6 that as may be expected, the percentage 
inhibition of acid output varies with the dose of noradrenaline used. 
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Fig. 5. Dog ‘Sandy’. Percentage inhibition of secretion plotted against the dose of histamine 
acid phosphate administered. O, noradrenaline 0-3yg/kg/min; @, 0-6yug/kg/min; @, 
1-2 ug/kg/min. 
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Rates of infusion of noradrenaline, ag/kg/min 
Fig. 6. Dog, ‘Sandy’. Percentage inhibition of gastric secretion plotted against the dose of 
noradrenaline. Secretory rate before infusing noradrenaline was 15-20 m-equiv HCl/min. 
Vertical lines represent standard errors of means. 


DISCUSSION 
Opinions expressed in the literature concerning the action of the sympathetic 
nervous system and adrenaline on the stomach are conflicting (Rogers, Rahe 
& Ablahadain, 1919; Hess & Gundlach, 1920; von Sirotinin, 1924; Ivy & 
Javois, 1925). Many other references are cited by Babkin (1950), who also 
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considers the results conflicting. Code (1951), from a review of the literature, 
is also driven to the conclusion that whatever effect adrenaline has on the 
stomach it is a small one. In view of the uncertainty about the effects of 
adrenaline, it seemed of value to investigate its effects upon the secretion 
produced by histamine, when a satisfactory flow of juice is assured. Such 
experiments do not depart too far from physiological conditions, if it is ac- 
cepted that histamine is the normal stimulant of the oxyntic cells (Babkin, 
1938; Emmelin & Kahlson, 1944; Code, Gregory & Hallenbeck, 1947). 

The inhibition of secretion recorded by Thompson & Vane (1953) with 
adrenaline was attributed by them to an effect on the rate of flow of blood 
through the stomach. In the experiments described in this paper, it was 
noticed that the heart rate recovered from the effects of the infused nor- 
adrenaline within a short period of time, and in no instance was the heart rate 
abnormal 5 min after the noradrenaline had been stopped. However, the effect 
of the noradrenaline on gastric secretion was often much more prolonged, the 
secretion commonly being inhibited up to 60 min after injection of noradrena- 
line had ceased. There is insufficient evidence to say whether or not the length 
of time for which gastric secretion was suppressed after the noradrenaline had 
been discontinued depended upon the length of time for which the noradrena- 
line had been administered, but where secretion was inhibited for a long time 
after stopping noradrenaline, it was usually after this drug had been given at 
1-2 ug/kg/min. With noradrenaline infusions of 0-6 .g/kg/min a prolonged effect 
after noradrenaline seemed less likely to occur. Since Emmelin (1955) has 
shown in the anaesthetized cat that when adrenaline is used to diminish salivary 
blood flow, and hence salivary secretion, the blood flow through the gland 
returns to normal long before the gland recovers its secretory power, it is con- 
ceivable that the blood flow through the stomach returns to normal some time 
before gastric secretion is re-established at its previous level. 

Code & Forrest (1954) also produced inhibition of histamine-induced 
secretion in unanaesthetized dogs by means of noradrenaline, but secretion 
was collected from Heidenhain pouches and not from the whole stomach. They 
suggested that noradrenaline acted by virtue of its vasoconstrictor effect, 
and in support of this stated that secretion of juice rapidly returned to normal 
when an infusion of adrenaline or noradrenaline was stopped. Inspection of 
the figure in their paper, however, where adrenaline (0-67 »g/kg/min) was given 
for 2 hr, shows that 30 min after the adrenaline infusion had been discontinued 
there was still no sign of an increase in the secretory rate from the stomach. 
The secretory rate from the pouch had not regained its original level 1} hr 
later. Code & Forrest cited Brun (1945) in support of their suggestion that the 
effect of adrenaline or noradrenaline on gastric secretion is purely vascular. 
Brun, however, states that, whereas the effect of adrenaline on gastric vessels 
is marked, the effect passes off in 3-4 min. 
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Another reason for doubting whether the effect of adrenaline on gastric 
secretion is purely vascular is that adrenaline is very dissimilar in its inhibitory 
potency when acting upon secretions of gastric juice of different origin. The 
observation in one of the dogs used in this study that a resting secretion, 
possibly vagal in origin, was much more readily inhibited than was a histamine- 
induced secretion of the same acid strength in the same dog, indicates at least 
that the mechanism of inhibition against different types of gastric secretion is 
not the same. If noradrenaline acted purely by diminishing blood flow, then 
it would be reasonable to suppose that the degrees of inhibition produced by 
noradrenaline on various types of gastric secretion would be comparable. This 
contention is supported by Linde (1950), who found that adrenaline (50g 
intravenously), whilst having no effect on histamine-induced secretion in cats, 
was able to abolish vagal secretion almost entirely. That vagal secretion is 
fairly easily inhibited by sympathetic influences is suggested by Babkin, 
Schachter & Nisse (1944); also Hess & Gundlach (1920), who did produce some 
inhibition of secretion with adrenaline, observed it most frequently when the 
adrenaline was given in the first or cephalic phase of gastric secretion. 

From the results given, and the relevant observations of others, it seems 
doubtful whether the effects of noradrenaline on gastric secretion are purely 
vascular in character. 

SUMMARY 

1. Gastric secretion was stimulated in dogs with chronic gastric fistulae by 
histamine acid phosphate in doses of 0-15-1-5yug/kg/min intravenously. 

2. Noradrenaline in doses of 0-3—1-2 u.g/kg/min for periods of 10 min to 2 hr 
invariably caused a fall in the rate of secretion of gastric juice. 

3. The doses of noradrenaline used also tended to cause a regurgitation of 
bile from the duodenum, but this regurgitation was not constant. 

4. Noradrenaline nearly always made the heart rate decrease, but on a few 
occasions it caused a cardiac acceleration before the heart rate fell. When the 
noradrenaline was stopped there was invariably a cardiac acceleration, but the 
pulse rate returned to normal within 5 min. 

5. Inhibition of gastric secretion persisted up to 60 min after the noradrena- 
line infusion was stopped. 
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THE EFFECT OF X-IRRADIATION ON TISSUE 
HISTAMINE IN THE RAT 
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In the present work we have studied the effects of irradiation on the histamine 
content of the skin and alimentary canal in rats, and on the histological 
appearance of these tissues, particularly of their mast cells. Since both hist- 
amine and heparin are constituents of the mast cells a few experiments were 
also made on the blood coagulation time before and after irradiation. 

Irradiation produces characteristic sequences of changes in the tissues of all 
animals. Changes in the histological appearance of the tissues have been widely 
investigated and attempts have been made to correlate these changes with the 
features of the radiation syndrome (Bloom, 1947). Metabolic changes following 
irradiation have also been investigated, and attempts have been made to cor- 
relate them with the clinical features (Prosser, 1947). 

There have been few investigations on the effect of irradiation on the hist- 
amine content of the tissues, although it has been suggested that histamine 
liberated from irradiated cells or possibly newly formed from irradiated 
histidine in the tissues may be responsible for some of the effects of radiation 
(Ellinger 1951). Weber & Steggerda (1949) have shown that there is an increase 
in blood histamine values following irradiation in the rat, and Venters & 
Painter (1950) state that dogs and rabbits become more sensitive to histamine 
infusion following irradiation. Feldberg & Loeser (1954) have, in two human 
cases, demonstrated that the skin histamine is reduced following irradiation, 
and Bryant, Eisen, Ellis & Wilson (1955) have also shown changes in the 
histamine content of the skin and of the wall of the upper part of the alimentary 
canal in the rat after total body irradiation. 


* Present address: Department of Pharmacology and General Therapeutics, University of 
Liverpool. 
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METHODS 

Male albino rats weighing about 200 g were used. Before and after radiation they received rat 
cake and water ad lib. The animals which received total body radiation had no special treatment. 
Those which received local radiation of the abdomen were anaesthetized with pentobarbitone 
(Nembutal, Abbott Laboratories,) 40 mg/kg by intraperitoneal injection. The abdomens of the 
rats in which local skin reactions were observed were shaved before radiation: chemical depilators 
were not used. Any rats with visible damage to the skin after shaving were discarded. The animals 
were replaced in their cages and they were randomly selected at intervals after irradiation for 
investigation. They were investigated in groups of three at a time and so all observations were 
made on at least three rate and generally on six or nine rats. 

The radiation conditions in the experiments were as follows: 200 kV, 10 mA, half-value layer 
1-3 mm of copper, 40 cm focal skin distance. The exposure rate was 29 r/min, estimated at the 
surface of the skin nearest to the applicator. 

Rats which were given total body irradiation received 1025 r on the skin of the back and 605r 
on the abdominal skin. Each rat occupied a stall in a partitioned Perspex box with walls 5mm 
thick, the ends of which were drilled for ventilation. The box was placed at the end of a 15 by 
20 cm applicator. 

Rats which received local radiation of the abdomen were irradiated whilst wearing a 3 mm lead 
shield covering pelvis and chest and head with an aperture of 5 x 4-5 cm over the abdomen. They 
received a dose of 1000 r to the abdominal skin. For observation of local reactions of skin vessels 
anaesthetized rate were irradiated singly with their shaved abdomens in contact with the end of 
a 3cm diameter circular applicator of focal skin distance 27 cm. These rats received a dose of 
2000 r to the abdominal skin; treatment time was 34 min. 


Estimation of tissue histamine 

The skin. Immediately after death the abdominal skin was shaved and a sample of skin 
weighing about 500 mg was taken from the left side of the middle line of the abdomen. The skin 
sample was split from the underlying tissue on the surface of the muscle along the natural line o 
cleavage, weighed and immediately boiled in 2 ml./g of N-HCl. It was then ground with sand and 
subsequently treated by the method of Feldberg & Talesnik (1953), except that the suspension was 
centrifuged and the supernatant fluid was decanted and diluted appropriately with Tyrode 
solution. 

The stomach and jejunum. Immediately after removal of the skin the abdomen was opened and 
the stomach and jejunum removed. The posterior wall of the portion of the stomach lying between 
the pylorus and fundus, known as the pyloric part of the stomach, was removed. It was spread 
out, washed gently with a stream of saline, dried on filter-paper and about 500 mg were weighed 
and immediately boiled in s-HCl, 2 ml./g. The tissue was then extracted for histamine in the same 
way as the skin. The mesentery was dissected from the jejunum. The first two cm were used for 
histological examination. The rest of the jejunum was split open, washed gently with saline and 
then dried in filter-paper. About 500 mg of the proximal portion were weighed and immediately 
boiled in N-HCl and treated like the skin and stomach. 

The extracts were assayed on the atropinized guinea-pig ileum and the results expressed in 
ug histamine base/g tissue. The usual control experiments were carried out to exclude from the 
assay substances other than histamine which cause contraction of the gut. In the jejunum very 
low values were obtained following irradiation, and part of the contraction was due to such 
substances which it was not possible to eliminate by dilution. 


Blood coagulation time 
The coagulation time was measured in groups of three rats before irradiation and at various 
periods after irradiation. Blood was obtained from the tail vein after the tail had been held in 
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warm water for 2-3 minutes. The coagulation time was estimated by the method of Griffith & 
Farris (1942). The end-point of coagulation is difficult to define accurately and consequently the 
error of its measurement tends to be high (Cohn, 1952). 
Histological techni 
To demonstrate mast cells in subcutaneous tissue spreads, skin was removed from the right 
side of the abdomen near the mid-line and its subcutaneous tissue removed from the deep surface, 
mounted as described by Riley (1953) and the spreads were then stained with 0-5 % toluidine blue. 
Paraffin sections were made from the anterior wall of the pyloric portion of the stomach and the 
first 2 cm of jejunum. One half of each tissue was fixed in formol saline and stained with haema- 
toxylin and eosin, the other half was fixed in absolute alcohol and stained with toluidine blue. 


Local reactions of skin vessels 

Twenty hours after irradiation with 2000 r, pontamine sky blue was injected into the tail vein 
and immediately afterwards 0-1 ml. of saline, histamine, or compound 48/80 was injected intra- 
dermally into the centre of the irradiated area and also into normal skin over the lower part of 
the thorax. Histamine was injected in concentrations of 1/1000, 1/20,000, 1/30,000 and 1/50,000, 
and compound 48-80 in concentrations of 1/2000, 1/10,000 and 1/50,000. Fifteen minutes later 
the animal was killed and the skin was dissected off the abdomen and chest and mounted on a 
glass slide and frozen. The extent and intensity of the blueing in the normal and irradiated skin 
could then be compared, It was found that killing the animal 15 min after injection of the drugs 
produced optimal blueing with the concentrations used. The interval between the intradermal 
injections into the normal and irradiated skin was less than 30 sec, and the order of injections did 
not influence the results. 


RESULTS 
The effect of total body irradiation 
The dose of 1025 r total body irradiation applied to twelve rats caused the 
death of three of them after 15 days and of five in 25 days. The animals lost 
weight during the week following irradiation, but in the animals which sur- 
vived this weight loss was subsequently regained. 

Histamine content of the skin. Riley & West (1953) have shown that the 
histamine content of various tissues, including the skin, is closely related to 
the numbers of mast cells which they contain. Depending therefore on the 
thickness of the skin, and the quantity of subcutaneous tissue which is removed 
with it, the histamine content of the skin will vary. In the present experiments, 
as far as possible, skin of the same thickness and skin from the same part of 
the abdomen was always used. In Text-fig. 1 there is shown a section in order 
to demonstrate the thickness of the skin which was used and its content of 
mast cells. The mean value for the histamine content of the abdominal skin 
from eleven rats was 32-6ug/g with a standard error of 1-3. The effect of 
605 r on the histamine content of the abdominal skin is shown in Text-fig. 2. 
Throughout the first 24 hr and on the third day after the irradiation the 
histamine value remained within the normal range, but on the fifth post- 
irradiation day it fell, and reached the minimum value of 18-9 pg/g on the 


tenth day. Thereafter it increased slightly. The observations at each time 
period were made on at least six rats. 
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Histamine content of the stomach and jejunum. The histamine content of the 
pyloric portion of the stomach in eight rats was 23-4 ug/g with a standard error 
of 1-7. It began to decrease during the first 24 hr after total body irradiation 
with 1025 r and reached its minimum value on the fifth day (Text-fig. 3). 
Thereafter it increased slightly but it was still significantly below the control 
value 15 days after irradiation. The observations at each time period were 
made on three rats. 


1mm 


Text-fig. 1. Section of normal abdominal skin showing the thickness which was used]for 
histamine estimations and the mast cell content. Toluidine blue. 
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Text-fig. 2. Effect of 605 r X-irradiation on the histamine content of abdominal skin. The standard 
error of the observations at each time interval is shown. 
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The mean value for the histamine content of the jejunum obtained from 
the control rats was 19-0ug/g with a standard error of 1-5. Three hours after 
irradiation the histamine content had already begun to diminish, by the end 
of 24 hr it had fallen to 5-5.g/g, and on the fifth post-irradiation day it had 
fallen almost to its minimum value. On the tenth day the histamine content 
had fallen to 1-4 g/g at which it remained (Text-fig. 3). 

The changes in the histamine contents of the different tissues following total 
body irradiation have been compared in Text-fig. 4. Whereas the histamine 
content of the stomach wall and skin decreased to about 60%, that of the 
jejunum fell to 7-5°% of the normal value. The figure also illustrates that the 
changes in the skin occur considerably later than those in the stomach and 
jejunum. 
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Text-fig. 3. Effect of 1025 r total body X-irradiation applied to the skin of the back on the 
histamine content of the stomach and j Pr, The standard error of the observations at 
each time interval is shown. 


Text-fig. 4. The changes in the histamine content of the abdominal skin, the stomach, and the 
jejunum of the rat following 1025 r total body X-irradiation, expressed as percentages of 
the normal values. 


The epithelium of the stomach and jejunum. The cells in the wall of the 
stomach passed through the sequence of changes which normally follow 
irradiation (Pierce, 1948). At the end of 24 hr the mucous cells forming the 
gastric pits and the necks of the mucous glands were poorly stained and the 
nuclei were pyknotic. The granules in the zymogenic cells were pale and 
amorphous and in most of the parietal cells there was vacuolization of the 
cytoplasm and the nuclei had disappeared or were pyknotic. Mitoses appeared 
in the cells during the following days, and by the fifth post-irradiation day the 
mucous neck cells were reappearing and there were many fresh cells in the 
bases of the gastric glands. Numerous mitoses were present in the zymogenic 
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cells and their granules had reappeared. The parietal cells had resumed their 
normal appearance. 

Twenty-four hours after irradiation there was degeneration of the columnar 
cells in the crypts of the jejunum, particularly in their superficial portions. 
There was pallor of the cytoplasm and many nuclei showed pyknosis. The 
goblet cells showed vacuolization. The lamina propria was oedematous and 
many of the cells were shrunken. On the third and fifth post-irradiation days 
there was progressive growth of the deeply staining columnar cells from the 
bottom of the crypts. The goblet cells at the bases of the glands were stained 
normally and contained granules. The columnar epithelium at the surface was 
degenerating and sloughing off into the lumen of the canal. On the tenth day 
deeply staining columnar cells extended more than half the distance from the 
bases of the glands to the surface, and there were numerous goblet cells 
amongst them. Cells of Paneth had reappeared at the bases of the glands. The 
lamina propria was still slightly oedematous and pyknotic nuclei were visible 
in it but it was beginning to resume its normal appearance. 

The mast cells of the subcutaneous tissue. The changes in the appearance of 
the mast cells after irradiation resembled those described by Riley & West 
(1955a) following the injection of ‘subacute doses’ of compound 48/80 intra- 
peritoneally into rats, except that they occurred more gradually. Twenty-four 
hours after irradiation the majority of the cells showed normal staining reac- 
tions and contained tightly packed granules. A few of the cells were swollen 
and the granules were less tightly packed than in normal cells. On the fifth 
post-irradiation day (Pl. 1, fig. 1a) the mast cells were swollen and the cell 
membranes of many of them were ruptured. Granules had leaked out of the 
cells into the surrounding tissue; these granules appeared to be stained in the 
usual way. Other cells had a large ill-defined pale area in the centre and the 
granules were concentrated irregularly at one side of the cell. The smaller mast 
cells close to the blood vessels also had ruptured cell membranes. The total 
number of cells in the tissue had obviously diminished. The connective tissue 
cells showed increased basophilia and the connective tissue strands were visible 
as a basophilic network. 

Ten days after irradiation mast cells could be seen as very pale ghost cells 
or had entirely disappeared in localized areas. Elsewhere the cell membranes 
had ruptured and the granules were scattered through the surrounding tissue 
(Pl. 1, fig. 1b). A few small deeply stained cells were visible along the blood 
vessels. These cells represented the commencement of recovery of the tissues 
from the effects of irradiation by the development of new cells from the 
adventitia of the blood cells (Riley & West, 1955a). The connective tissue net- 
work was still deeply stained with the basic dye. On the sixteenth day (PI.1, 
fig. 1c) the mast cells consisted of a mixture of deeply stained small cells along 
the vessels and larger deeply stained cells in the tissue remote from the vessels. 
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A few cells with ruptured membranes and granules lying round them in the 
tissues, were still visible. 

The mast cells of the stomach and jejunum. The mast cells in the submucosa of 
the stomach showed a series of changes similar to those in the subcutaneous 
tissue and occurring at similar times. Twenty-four hours after irradiation most 
of the cells were still normal. In some there was central pallor with concentra- 
tion of the granules at one side, but none of the cell membranes were ruptured 
and there was no decrease in the number of cells (Pl. 1, fig. 2a). On the third 
post-irradiation day there were a few ruptured cell membranes and a few 
granules had leaked into the surrounding tissue. On the fifth post-irradiation 
day there was general rupturing of the cell membranes and granules were 
scattered through the surrounding tissue. Many of the cells showed vacuola- 
tion. On the tenth day (Pl. 1, fig. 25), after irradiation the appearance of the 
cells was similar although a few deeply stained cells could now be seen beside 
the blood vessels. Very few mast cells could be seen in the wall of the jejunum 
of the normal rat. The cells became more difficult to find after irradiation, but 
in those which were seen it appeared that a sequence of changes occurred in 
them similar to that seen in the gastric wall. 

The blood coagulation time. No gross increase in the coagulation time occurred 
during the 15 days following irradiation and the day-to-day variation which 
did occur was not significant (Text-fig. 5). This agrees with the observations of 
Cohn (1952) who found no change in the coagulation time in female rats 
following irradiation with 400 r. 

Comparison of the different effects produced by irradiation. A comparison of 
the various effects produced by body irradiation with 1025 r is given in Table 1, 
which also includes results obtained by Cohn (1952) on the heparin coagulation 
time after body irradiation with 400 r. The effects on the histamine value of 
the skin, on the mast cells, and on the heparin coagulation time appeared at 
the same time after irradiation and reached their maximum during the following 
days. The effects on the histamine content of the alimentary canal, and on the 
epithelium lining the canal, appeared during the first twenty-four hours, but the 
latter were maximal several days before the histamine fell to its minimum value. 


The effect of local irradiation of abdominal skin 

In order to investigate the effect of doses of 1000 r on the abdominal skin 
histamine, the rats were partially protected by lead shields which diminished 
the mortality produced by the higher doses to the abdominal] skin. Several 
days after irradiation of the abdominal skin its histamine content had fallen 
from the control value of 30-5 to 12-6 ug/g and then fell slightly further on the 
tenth post-irradiation day to 12-0 ug/g. The percentage effects of doses of 605 
and 1000 r are shown in Text-fig. 6, in which it can be seen that the larger dose 
produced a greater fall in the skin histamine value, although the effect pro- 
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duced by each dose occurred after the same latent period. A dose of 2000 r 
from a circular applicator produced no changes in the histamine content of the 
abdominal skin 20 hr after local irradiation in comparison with adjacent 
unirradiated skin. Seven days after irradiation with 2000 r, the skin histamine 
values in the irradiated areas in two rats were 7-8 and 13-7 ug/g, whereas the 
histamine contents of adjacent unirradiated areas were 25-1 and 30-lyug/g 


respectively. 
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Text-fig. 5. Effect of 1025 r total body X-irradiation applied to the skin of the back on the blood 
coagulation time. The standard error of the observations at each time interval is shown. 


Text-fig. 6. The changes in the histamine content of the abdominal skin, following different doses 
of X-irradiation applied to the skin, expressed as percentages of the normal values. @, 605r; 
O, 1000 r. 


TaBLE 1. Effect of total body irradiation on the histamine content and histological 
appearance of the tissues, and on the blood coagulation time 


Time of effect 
following irradiation 
Tissue examined Onset Maximum Maximum intensity 

Skin, histamine 5 days 10 days 58% normal 
Stomach, histamine ?3hr 5 days 58% normal 
Jejunum, histamine 3 hr 5 days 8% normal 
Skin, mast cells 5 days 10 days Rupture of cell membranes, 
Stomach, mast cells 5 days 10 days tion, decrease in 

numbers 
Stomach, mucous membrane ? 24 vod! neration of all types 
Jejunum, mucous membrane ? 24 hr of cells 
Blood, coagulation time No effect No effect No effect 
Blood, heparin coagulation 6 days 16 days 25 x control values 

time ( 1952) 


By 
+ 


514 V. D. EISEN, R. E. ELLIS AND C. W. M. WILSON 


Local reactions of skin vessels 

Intradermal injections of either histamine or compound 48/80, at all 
concentrations tested, elicited about the same response in the normal skin and 
in the skin which had been irradiated locally 20 hr earlier with 2000 r. Thus 
at the time the response of the skin vessels to histamine and compound 48/80 
was examined the histamine content in the skin had not yet decreased. 
Pontamine sky blue appeared in the normal and irradiated skin over approxi- 
mately equal areas and with the same intensity (Pl. 1, fig. 3). In many rats 
the colour seemed to develop earlier at the irradiated site, but this difference 
soon vanished and was not noticeable by the tenth minute. Intradermal 
injections of saline produced only traces of local blueing. 


DISCUSSION 


It has been shown by Riley & West (1953) that a large portion of the histamine 
contained in the skin is present in the mast cells. In the present experiments 
degeneration of the mast cells in the subcutaneous tissue spreads appeared 
after a latent period of several days, at the time when the skin histamine value 
began to fall, and was most extensive 10 days after irradiation when the skin 
histamine was at its minimum value. As the cells in the subcutaneous tissue 
began to resume their normal appearance, so the skin histamine value began 
to rise again. These results resemble those described by Riley & West (19552) 
following the injection of ‘subacute doses’ of compound 48/80 and suggest 
that the fall in the skin histamine is associated with the destruction of the mast 
cells in the skin. Similar degenerative changes have been reported after 
irradiation in the subcutaneous mast cells of the rat (Sylven, 1940) and in the 
cheek pouch of the hamster (Smith & Lewis, 1953). Increasing the dose of 
X-irradiation in the rat, which has been shown by Bloom (1948) to cause 
increased destruction of mast cells, produced a greater fall in the skin 
histamine. 

Feldberg & Talesnik (1953) have shown that the alimentary canal is resistant 
to the action of the histamine liberators. That histamine can be held in the 
tissues independently of the mast cells is suggested by the fact that large doses 
of compound 48/80 and other liberators (Riley & West, 19556; Brocklehurst, 
Humphrey & Perry, 1955) sufficient to cause complete destruction of the mast 
cells do not deplete the skin completely of histamine. In the jejunum and 
stomach the histamine values decreased several days before the gross changes 
in the mast cells occurred which Riley & West (1955a) report are correlated 
_ with changes in histamine content. It therefore appears that irradiation can 
deplete the alimentary canal of histamine independently of its action on mast 
cells, and thus it is suggested that the histamine in the upper part of the 
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alimentary canal may be held in the tissues of the wall independently of the 
mast cells. 

It is claimed that one of the physiological functions of histamine in the 
gastric wall is the maintenance of the acid secretion by the parietal cells of the 
gastric mucosa (Code, 1956). A decrease in this acid secretion in human beings 
has been described by Palmer & Templeton (1939) following irradiation of the 
stomach. The mechanism by which irradiation causes this effect is unknown, 
but if irradiation causes a depletion of gastric histamine in man as it does in 
the rat, it is possible that the effect of irradiation on gastric secretion may be 
explicable in terms of its action on the histamine content of the stomach wall. 

No characteristic signs of histamine release were observed at any time 
following irradiation. The signs of histamine release appear after the injection 
of a large dose of compound 48/80 which produces its effects on the mast cells 
within 3 hr (Riley & West, 1955a). The gradual decrease in tissue histamine 
which was observed in the present experiments may account for the absence 
of clinical signs of acute histamine release. 

No significant change in the blood clotting time was observed at any stage. 
The finding by Cohn (1952), of a change in the heparin clotting time at the 
same time as a decrease in the skin histamine and degeneration of the mast 
cells following irradiation was observed in the present experiments, makes it 
probable that the mast cell degeneration determines both the changes in 
heparin clotting time and in the skin histamine. 

Normal skin, and recently irradiated skin which still contained its normal 
histamine content, reacted to intradermal injection of histamine in the same 
way. This indicates that capillary permeability in these pieces of skin was 
similar (Miles & Miles, 1952). Compound 48/80 also caused intense local 
staining of the skin tissue by the dye to an equal degree in normal and 
irradiated skin. This effect is due to the local liberation of histamine, which is 
responsible for an increase in capillary permeability and consequent staining 
of the skin tissue (Feldberg & Miles, 1953). Therefore compound 48/80 was 
able to liberate sufficient histamine in both sites to cause equal changes in the 
capillaries, and the capillaries in both sites were still capable of reacting to the 
histamine to an equal degree. 

Ungar & Damgaard (1954) have investigated the local skin reactions in rats 
to intradermal injections of histamine and compound 48/80 following f-radia- 
tion of the abdominal skin. They found that from 6 hr to 9 days after this 
treatment the normal skin response to compound 48/80 was abolished, although 
that to histamine remained the same as in normal skin. They investigated the 
local reactions by the observation of the wheals in the shaved abdominal skin, 
without the aid of a dye. It is unlikely that the different nature of the ionizing 
radiation is the cause of the discrepancy between the present results and those 
of Ungar & Damgaard (Warren, 1943; Prosser, 1947). In view of the fact that 
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compound 48/80 produces the skin reaction almost wholly by the local libera- 
tion of histamine, it appears unlikely that, provided there is sufficient hist- 
amine in the tissue, its actions should be different from those of histamine. 

It has been shown in the present experiments that X-irradiation damaged 
the cells lining the stomach and jejunum. Cellular destruction of a similar 
nature has also been reported in these tissues by Pierce (1948) soon after 
exposure to radiation. These changes appeared at the same time as the tissue 
histamine began to decrease, but tissue repair was almost complete when the 
histamine content was still at its minimum. 

The dry weights of the stomach and intestine decrease and the water content 
increases in rats between the first and ninth days following irradiation (Bowers 
& Scott, 19516; Conard, 1952), but the percentage increase in water content is 
insufficient to account for the much larger percentage decrease in the histamine 
content of these tissues. A fall and then a rise takes place in the sodium and 
potassium contents of the stomach and intestine during the nine days following 
irradiation (Bowers & Scott, 1951a, 6), but these changes are not correlated 
in any way with the steady decrease in histamine content. The protein content 
of the alimentary canal also diminishes following irradiation with neutrons at 
the same time and over the same period as the intestinal histamine decreased 
in our experiments (Ross & Ely, 1949). The changes in the histamine content 
following irradiation therefore appear to be related more closely to changes in 


the weight and protein content of the alimentary canal than to changes in its _ 


water or electrolyte content. 

It has been shown that the administration of chloramphenicol to the rat can 
reduce the histamine content of the wall of the small intestine to about 35% of 
normal through its action on the histamine-forming bacteria of the intestine 
(Wilson, 1954). Irradiation causes changes in the bacterial flora of the caecum 
in the rat (Bell, Coniglio & Hudson, 1955), and it is thus possible that the 
changes in the present experiments might be attributable to the effect of 
irradiation on the bacterial flora of the intestine. However, this could not 
account for the changes observed in the gastric histamine content, and it is 
unlikely that it would affect any histamine-producing bacteria at the proximal 
end of the jejunum so grossly as to decrease the histamine in the wall of the 
jejunum by 90%. Exposure to X-irradiation is known to reduce the activity 
of cholinesterase in the rat intestine (Conard, 1952), and it is possible that it 
may influence the activity of the intestinal histaminase or histidine decarboxy- 
lase. In this way, by a primary effect on the enzymes responsible for the 
metabolism of histamine in the intestine, it may cause the observed changes in 
the intestinal histamine content. 

Weber & Steggerda (1949) describe an increase in the plasma histamine 
concentration in rats during the first 2 hr and on the fifth day following 
irradiation, and Leitch & Haley (1955) state that a twofold increase in the 
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urinary excretion of histamine occurs in rats during the post-irradiation 
period. Venters & Painter (1950) have shown that in the rabbit and dog there 
is increased sensitivity to the infusion of histamine following irradiation, and 


have suggested that the radiation syndrome might partly be produced by the 


liberation of a toxic product from the mucous membrane of the small intestine. 
The sequence of the decreases in the tissue histamine which was observed in 
the present experiments, first in the alimentary canal and then in the skin, 
corresponds to the fluctuations in plasma histamine reported by Weber & 
Steggerda (1949) and provides an explanation for the source of the increased 
urinary excretion of histamine described by Leitch & Haley (1955). 


SUMMARY 


1. An examination was made in rats, during a period of 15 days following 
total body X-irradiation, of the histamine and mast cell content of abdominal 
skin, stomach and jejunum, of the blood coagulation time and of the histo- 
logical changes in the epithelium lining the acid-secreting part of the stomach 
and in the jejunum. 

2. ‘Between the third and the fifth post-radiation days the skin histamine 
fell to 65% of normal and it remained at a low level during the remainder of 
the experiment. The subcutaneous mast cells did not show significant damage 
until the fifth day and the damage was more severe on the tenth day. 

3. The histamine in the walls of the stomach and jejunum began to decrease 
during the first 24 hr and fell to minimum values of 58 and 8% of normal, 
respectively, after 5 days. These values were maintained throughout the rest 
of the experiment. The mucous membranes showed maximum damage after 
24 hr and thereafter rapid repair occurred. The mast cells did not show 
degeneration until the fifth post-irradiation day. 

4. No change occurred in the blood coagulation time throughout the 
experiment. 

5. The appearance of pontamine sky blue in irradiated skin in response to 
intradermal injection of histamine or compound 48/80 20 hr after irradiation 
did not differ from that in normal skin, indicating that the capillaries react in 
the same way at both sites. 

6. It is suggested that the fall in skin histamine is attributable to the con- 
current degeneration of subcutaneous mast cells, but that the depletion of 
histamine in the alimentary canal is largely independent of changes in the 
mast cells. 


We wish to express our thanks to Professor C. A. Keele for his advice during the experiments 
and for his criticism, to Professor J. E. Roberts for permitting the use of equipment in his depart- 
ment, to Mr T. H. E. Bryant for his assistance in carrying out the irradiation, and to the Wellcome 
Research Laboratories, Beckenham, for generous supplies of compound 48/80. This work was 
done during the tenure by one of us (C.W.M.W.) of a grant from the Wellcome Foundation. 
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EXPLANATION OF PLATE 


Fig. 1. Subcutaneous tissue spreads following 605 r X-irradiation to abdominal skin. Toluidine 
blue. (a) Fifth day following irradiation. Swelling of the mast cells and rupture of the cell 
membranes with dispersion of granules in the adjacent tissue. (b) Tenth day following 
irradiation. Swelling and extensive disintegration of the mast cells with wide dispersion of 
granules. (c) Fifteenth day following irradiation. Small new cell formation along the 
capillary at the bottom of the photograph. Disintegration of cells and dispersion of 
granules still visible at the top of the photograph. 

Fig. 2. Section of the submucosa of the stomach following 1025r total-body X-irradiation. 
Toluidine blue. (a) Twenty-four hours after irradiation. No significant changes in the 
histological appearance of the mast cells. (6) Tenth day after irradiation. Disruption of the 
cell membranes with dispersion of the granules in two cells, and vacuolation in another mast 
cell. 

Fig. 3. Local skin reactions in X-irradiated and adjacent normal abdominal skin. X: irradiated 
areas. Blueing in response to intradermal injections of (a2) Compound 48/80, 1/30,000 
(6) histamine, 1/20,000 
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EXCITATORY AND INHIBITORY PROCESSES ACTING UPON 
INDIVIDUAL PURKINJE CELLS OF THE CEREBELLUM 
IN CATS 


By RAGNAR GRANIT anp C. G. PHILLIPS* 


From the Nobel Institute for Neurophysiology, Karolinska Institutet, 
Stockholm 60, Sweden 


(Received 22 March 1956) 


Efferent cortical activity from the cerebellum is carried by the Purkinje cells 
(P-cells, see Fig. 1) which are the final common path (P.e.) of two major 
synaptic organizations. One is a complex polysynaptic network of dendrites 
and stellate cells in the superficial molecular or plexiform layer to which 
apparently both cerebellar afferent systems contribute though its main supply 
is from the mossy fibres (Mo.a.) over the granular cells (Gr.c.).. The other 
afferent system is the monosynaptic one over the climbing fibres (Cl.a.) to 
P-cell dendrites along which they climb. These are held to contribute also to 
the polysynaptic network (Estable, 1923; Scheibel & Scheibel, 1954) and many 
other complexities are encountered, but to a first approximation the physio- 
logist has to be content with a general subdivision of cerebellar afferents into 
mono- and polysynaptic ones along the lines suggested. 

His next concern will be with the two additional systems centered on the 
P-cells one of which consists of two types of recurrent collaterals (P.r.): Cajal’s 
(1911, fig. 12) “plexus sous-cellulaire’ spreads among the cells below the 
P-cells and his ‘plexus sus-cellulaire’ traverses the molecular layer giving off 
branches on its way. Both types of recurrent collaterals do, however, end up 
on P-cells. 

Finally, it would seem highly desirable to be able to elucidate the role of the 
unique system of basket cells (B-cells) with dendritic receptors in the molecular 
layer (and possibly elsewhere) and efferent axons (B.e.) surrounding the P-cell 
itself as well as the non-medullated and part of the medullated portion of its 
efferent axon (for good illustrations, see Estable, 1923; also Retzlaff, 1954). 
This basket, the ‘nid’ or ‘nest of Cajal’ (1911, p. 23), is the other major 


* On leave of absence from the Physiological Laboratory, University of Oxford, and Trinity 
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complicating system to be considered in evaluating records from individual 
P-cells (for anatomical reviews, see Cajal, 1911; Jansen & Brodal, 1954). 

The way in which we have stated the primary problems of cerebellar 
efferent action is a simplification, based on Cajal’s work. We have, for example, 
left out of consideration the large stellate cells whose dendrites ramify in the 
molecular layer and whose short axons branch richly in the granular layer. 
| Clearly, however, it is necessary to begin with a simplified layout of the 

circuits converging upon the P-cells in order not to miss statistically dominating 
features of cerebellar organization. 


B.e. 


P.r. 


| 
| Fig. 1. Diagram of part of a cerebellar folium sliced at right angles to its long axis (XY) and 
parallel to its long axis (YZ). P.e., Purkinje cell axons with P.r., recurrent collaterals; 
Cl.a., climbing fibre; Mo.a., mossy fibre; Gr.c., granule cells; S., small star cell; B., basket cell 
(large star cell), with B.e., its efferent fibre. 


Our work required strict identification of and direct recording from P-cells, 
for which fine capillary electrodes were used. In order to stimulate these cells 
| antidromically or monosynaptically, tips of insulated needles were placed in 
| the cerebellar nuclei or in the arbor vitae above them (Fig. 2). This paper deals 
(with the identification of P-cells by such means, their general properties and 
) what could be seen of their activity and of events in their immediate neigh- 
bourhood during excitation and inhibition. These results are of interest for the 
_ general problem of excitation and inhibition as it presents itself in a highly 
| active unanaesthetized preparation and in an organ that has a singularly 
extensive dendritic network organized in a homogeneous way. 
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METHODS 


Preparation. Thirty-five decerebrate cats were used in these experiments. They were prepared 
by suction, a method in regular use in this laboratory. As to its advantages, see Sprague & 
Chambers (1954). Under ether, the carotid arteries were tied and the trachea and one saphenous 
vein cannulated. The short-acting barbiturate Thiogenal (Merck) was slowly injected intra- 
venously in doses of 5-29 mg/kg, as needed, as the ether wore off. After bilateral craniectomy 
reaching backwards to the edge of bony tentorium, the dura was opened on both sides and the 
falx cerebri divided between ligatures. The occipital lobes were removed by suction. Under deep 
anaesthesia the brain stem was sucked across at precollicular level, and the rest of the hemispheres 
removed. At the conclusion of the operation the field was usually fairly bloodless, but careful 
sealing of vessels was necessary to prevent later bleeding, after the anaesthetic had passed off. 
Stumps of basal arteries were closed with silver clips, and the cut face of the brain stem was 
dressed with gelatin sponge (‘Spongostan’, A/B Ferrosan, Malmoe, Sweden). 

The results to be described below are obtainable only if the cerebellum is in perfect condition 
(cf. Bremer & Bonnet, 1951). 

The anterior folia of the culmen were exposed on the left side, for exploration by microelectrodes, 
by nibbling away the bony tentorium covering them. A transverse slot, about 3 mm in length, 
was cut with a dental burr just behind the occipital protuberance, to admit the fastigial electrodes, 

Stimulation. Paired steel needles, 2 mm apart and enamelled except at the tips, were directed 
through the posterior lobe and into the neighbourhood of the left fastigial nucleus or more 
laterally (Fig. 2) with the Horsley-Clarke apparatus. Final adjustment of their position depended 
on the recording of an optimum evoked potential at the cortical surface. Their tips generally lay 
1 and 3 mm from the median plane. Brief rectangular shocks (duration -3 msec) were given, 
singly or as tetani, over an isolating transformer. Reversal of polarity of the stimulating electrodes 
allowed us to alter the locus of stimulation without moving the electrodes, and also to differentiate 
the response from the shock artifact (Porter, 1955). 

Recording. The microelectrode technique has already been reported in detail (Phillips, 19562). 
The micropipettes were formed in the Schuster microforge. When filled with 3m-KCl, their d.c. 
resistance was 5-20 MQ. For recording the ‘giant spikes’ to be described below, the optimum 
resistance was 5-10 MQ. 

The dendrites of P-cells being orientated in planes at right angles to the long axis of the folia 
(Fig. 1), it should be possible to enter obliquely in order to approach the soma without fatally 
wounding the dendrites. The movement of the micromanipulator was always vertical, and the 
angle of puncture was determined by the tilt of the head. The Horsley-Clarke apparatus was 
mounted on a massive stand, in which it could be bodily rotated about an antero-posterior and 
& transverse axis. By means of adjustable slides, the point of intersection of these axes could be 
placed at the point of penetration of the pia-arachnoid. Through a single small pial opening, many 
punctures could be made entering at different angles to reach fresh cortex lying buried in folds at 
greater depths than the 0-4 mm of the superficial layer of P-cell bodies. In the rat there are about 
1000 P-cells per mm* (Inukai, 1928). 

Cardiovascular and respiratory movements were reduced by light surface pressure applied 
through a celluloid ‘watch-glass’ about 8 mm in diameter. A pore in the watch-glass, 0-5 mm 
diam., was applied to the pial opening which was of about the same size as the pore (Phillips, 
1956a, 6). The microelectrode was guided through the pore under stereomicroscopic vision 
( x 16 magnification). The watch-glass was filled with Ringer’s solution and connected by a silver 
electrode to one input grid of an amplifier, the other grid, and the preparation, being earthed. 
Thus spontaneous or evoked potentials could be recorded at the area of contact of the pore. 

The microelectrode was mounted in a probe containing one of the input valves of a differential 
cathode follower input. The other side was earthed. The input capacity was less than 3 pF. No 
special circuit was employed to prevent attenuation of spike potentials of brief duration. The out- 
put of this stage was led both to low-gain d.c. and variable gain condenser-coupled amplifiers. In 
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order to be always in readiness for intracellular recording, the cathode rays were deflected upwards 
when the microelectrode tip became positive: in the extracellular records, therefore, negativity is 
signalled by unconventional downward deflexions. Continuous moving-paper records of natural 
discharges and responses to stimulation were taken in order to monitor the background activity 
and delayed effects of stimulation: precise timing of latency, etc., was carried out on sweeps to 
which the shocks were locked, and which were photographed on the same moving paper. 

Many painstaking attempts were needed to convince us that there was little prospect of regular 
and durable impalement of active cerebellar neurones with the technique we have described. 
Stable resting potentials, rising abruptly to - 60 to — 80 mV as the microelectrode penetrated the 
elements responsible for them, were, however, very frequently encountered. These showed neither 
oscillations nor spikes (Coombs, Eccles & Fatt, 1955a; Frank & Fuortes, 1955; Phillips, 19562). 
Our experiments have thrown no light on the nature of such elements. 


Fig. 2. Tracing of parasagittal section of cerebellum stained with thionin. The Purkinje-granular 
layer is shown in black. The position of the stimulating electrode tips in the arbor vitae is 
marked by Hess’s Prussian blue method. In all these experiments microelectrode exploration 
was confined to certain folia of the anterior lobe, indicated by a bracket. Scale of figure is given 
by the length of the needle tract (whose direction is here reconstructed from the evidence of 
several sections): the tips were 10 mm from the needle entry in the fresh specimen. 


We were readily able to record resting and action potentials from single fibres of the lumbar . 
dorsal roots in the manner described by Frank & Fuortes (1955), so that the adequacy of our 
manipulating arrangements and microelectrodes is not in question, and the difficulties may, 
perhaps, be ascribed to the expansile pulsation of the cerebellum with the heart beat. Although 
its surface is immobilized at the area of contact of the watch-glass, the amplitude of its movement 
must increase as a function of depth. Alternatively, the double membranes of the Purkinje cells 
(Cajal, 1911, p. 4) may set special difficulties in the way of penetration. We had no more success 
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with the rat’s cerebellum in which pulsations are easily controllable. Buser & Rougeul (1954) 
recording from pigeon P-cells, report similar experiences. 

Anatomical control. The position of the stimulating cathode, or, in some experiments, of both 
stimulating electrodes, was marked by Hess’s (1949) method (Fig. 2). Alternate 30 » parasagittal 
paraffin sections were stained with thionin. 


RESULTS 
Identification by antidromic or monosynaptic activation 
It has to be admitted at the outset that the antidromic identification of 
P-cells by fastigial stimulation is inevitably less certain than the antidromic 
identification of spinal motoneurones by stimulation of ventral roots. For 
in their course through the cerebellar substance, the Purkinje axons are 
inextricably mixed with afferent fibres, and notably with the climbing fibres 
which enter into monosynaptic relationship with the P-cell dendrites. Rivalry 
between antidromic and monosynaptic activation is therefore to be expected. 

Activation at the shortest latencies (0-35-0-6 msec, Fig. 4) can hardly be 
other than antidromic; the longer ones (0-6—0-8 msec), on the other hand, may 
represent either antidromic or monosynaptic firing. Monosynaptic activation 
in itself, however, provides a strong presumption of P-cell identity, in that the 
climbing fibre—Purkinje dendrite nexus is such a conspicuous feature of cere- 
bellar cortical architecture. The alternative possibility, that the impulses with 
monosynaptic latencies are due to firing of granule cells by mossy fibres, is 
hardly likely. The granule cell population is so densely packed that, if tirese 
large spikes originated in granule cells, one would expect to encounter several 
such spikes in the course of every puncture. The relative rarity of our large 
early spikes is in favour of their origin from the P-cells, which form only 
a single layer in each fold of cortex and are less closely spaced. 

When fastigial stimulating and cortical recording electrodes have been 
correctly placed relative to one another, each shock sets up an early positive 
surface wave (Fig. 3 (1) and (2)), preserving its sign down to the white matter. 
This is used for general orientation of the electrodes. In Fig. 3 it is recorded at 
a depth of 0-48 mm among the P-cells. Its latency is from 0-17 to 0-30 msec. 
As the microelectrode approaches the layer of P-cells the later portion of this 
wave turns negative with a latent period around 0-5 msec and then, when the 
tip comes near enough to a cell, an all-or-none spike arises from some part 
of the negative wave. Fig. 3 (1), demonstrates this spike at the threshold 
(0-4 V). Use of a 10 V stimulus in (2) emphasizes the early wave, but has no 
influence on spike size. Three more negative-going spikes (3)~(5) from different 
experiments serve to illustrate similar responses, all of which have a latent 
period which but rarely is below 0-5 msec and mostly somewhat longer (Fig. 4). 
With threshold stimuli and a well-placed fastigial electrode the negative wave 
is very small but can, nevertheless, be seen in the superimposed pictures of the 
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figure whenever the shock just has failed to excite a spike. The purely negative 
spikes hardly ever exceed 5 mV and are mostly between 2 and 3 mV. 

Fig. 3 (6)-(8) illustrates what happens when, a unit spike having been picked 
up, the microelectrode is cautiously moved onwards. The early spike then 


6 =25mV 9 


Fig. 3. In sweeps in this and all other figures (unless otherwise stated), negativity of the micro- 
4 electrode tip is signalled by downward deflexions, positivity by upward deflexions. Time 
1000 c/s. Vertical continuous records to be read from above downwards: negativity towards 
sweeps, positivity away from sweeps. ‘Time 0-5 sec. (1) to (8), superimposed sweeps showing 
unit responses to fastigial shocks. (1), threshold shocks (0-4 V). Shock artifact followed 
by small positive-negative wave. Unit spike (amplitude 5-0 mV) fired in some sweeps. 
(2), same unit is always fired by stronger shocks (10-0 V); spike size unchanged. (3) to (5), 
three further negative-going spikes responding to near-threshold fastigial stimulation in 
‘ a proportion of trials. (6), diphasic spike (similar amplification), showing positive-going 
prepotential. (7) and (8), giant spikes (less amplification, d.c. records), 33-0 and 23-0 mV 
peak-to-peak. (9), closer approach to cell membrane (d.c. records). Calibration (top left) 
-25 mV. (a), voltage zero; (b), extracellular giant spike (fluctuating amplitude in continuous 
record is due to faulty immobilization); (c) first attempt to penetrate membrane (spikes still 
diphasic); (d), withdrawn; (e), second attempt (low membrane potential, small positive- 
going spikes); (f), deteriorated spikes, persisting low membrane potential. i 
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develops a positive initial part consisting of prepotential and spike (see below, 
Fig. 6). At this moment one does well not to push the microelectrode deeper 
because left to itself, by some process not understood in detail, the spike after 
a while very often begins to increase in size, as if the brain tissue, retreating in 
front of the pressure wave, now again had had time to advance and readjust 
itself for close contact. When this occurs it is generally possible to record the 
spike on the low-gain d.c. amplifier because it becomes very large, rarely 
below 10 mV, and in optimal cases around 60 mV, measured from positive 
to negative peak. Values around 20-40 mV are very common. The prepotential 
definitely becomes positive, as better seen in Figs. 6-8 and Fig. 11. Similar 
findings on a considerably smaller scale (larger tips of the microelectrodes) 
have been reported by Rose & Mountcastle (1954). 

In the last row of Fig. 3 (on the right) the progressive change of the spike, 
described above, is shown in d.c.-recording, both in the sweeps and in the vertical 
continuous record alongside the film. The first sweep shows the voltage zero, 
the next one the diphasic spike. Further advance of the microelectrode 
enlarges the positive initial phase. Then puncture occurs with damage to the 
membrane and excites the cell to discharge at a rate of about 120/sec. The spike 
is still diphasic. At its maximum it is 19 mV. Withdrawal of the microelectrode 
follows. Finally, a second, more determined advance is made. Now, with the 
tip inside the cell, the spike becomes positive-going even though the penetra- 
tion in this case cannot have been a very clean one to judge by the small value 
of the membrane potential (calibration above, on the left) and the fact that the 
spike was of modest size from the beginning and soon deteriorated (last sweep, 
bottom). 

It is concluded that precise and close application of the microelectrode, 
preferably by the technique of waiting for adjustment of the tissue, as described 
above, is signalled by the appearance of a giant diphasic (positive-negative) 
spike. This, sometimes with small adjustments, can be kept for a considerable 
length of time under the microelectrode and behaves just as the negative spikes 
which are recorded a little farther away, yet near enough to appear uncon- 
taminated by other spikes. 

The microelectrode may often penetrate the cell membrane spontaneously, 
owing to some movement within the cerebellum (vascular, occasionally 
respiratory). We have never seen this happen in these relatively small cells 
encased in double membranes without signs of an injury discharge (for 
illustration see Fig. 7; cf. also Buser & Rougeul, 1954). Yet microcapillaries of 
similar dimensions could be kept within Betz cells (Phillips, 1956a, 6) or 
dorsal root axons for a considerable time without signs of obvious injury. 
Despite this, inside records may be revealing, especially with respect to 
precise and fast events, though so far hardly useful in the analysis of general 
P-cell behaviour. In the circumstances we have used the negative and the 
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giant diphasic spikes (Fig. 3 (1)-(8)) in the attempt to identify P-cells. In the 
cerebellar preparation small spikes which from the beginning have been posi- 
tive have not been found worth studying because of their comparatively fast 
deterioration. 

A curious histological feature of the Purkinje cells, according to Cajal (1911, p. 4), is the double 
membrane (‘ciment’) or outer ‘cement’. It may well be that the tip of the electrode comes into 
close contact with this structure, creating, in some manner not fully understood, optimum recording 
conditions in which large voltage changes appear at the microelectrode tip. That the tip remains 
on the outside of the cell membrane is proved by the absence of ‘resting’ membrane potential 
(in the d.c. records). 

Dr B. Frankenhaeuser has pointed out to us that the giant spike is a registration of the flow of 
membrane current at the site of recording. The first flow is outwards (tip positive), signalling 
distant activity (the prepotential). The second, inward flow (tip negative) occurs as the membrane 
becomes active at the recording site. The recording resistance, whatever its nature and location, 
must be large in order to account for the large recorded voltage changes. 

There can be no question of serious injury being a prerequisite for diphasic responses, because 
such spikes may occasionally be lost on by-passing the cell on the inward track without exploding 
its membrane and then fully retrieved on withdrawal of the electrode. It therefore suffices for the 
approach to be close, without actually being penetrating. When this is the case the events around 
the Purkinje cell and its membrane, in optimal cases, assume an order of magnitude—the giant 
spikes—that has proved to be of the utmost value in our work (see below). No doubt the same 
events, perhaps on a smaller scale, occur with all kinds of cells (cf. Rose & Mountcastle, 1954), but 
the P-cells may well—for the di d—be particularly fav ble for their demonstration. 


The statistical distribution of the latent periods of early spikes is shown in 
Fig. 4. This includes giant spikes with prepotentials as well as negative spikes 
without them. In the former case the starting-point of the prepotential has 
been taken to indicate the moment of invasion. It will be shown below that 
the spike may arise earlier or later on the prepotential (e.g. in Fig. 6, latency of 
prepotential is 0-47 msec, and the take-off of the spike varies between 0-75 and 
1-1 msec), Thus the distribution curve of Fig. 4 may include a number of late 
spikes whose prepotentials, if available, might have pushed the maximum to 
the left. It is now seen to be in the 0-6-0-7 msec range. For the purpose of 
antidromic or monosynaptic identification of P-cells, how far to the right of 
this figure is one entitled to go? Reference to the histological structure (Fig. 1) 
is necessary for discussion of this question. 

There cannot be much difference between the times of arrival of an antidromic 
impulse, having to traverse the non-medullated part of the P-axon, and an 
impulse in the monosynaptic climbing afferents contacting the large dendrites 
of the same P-cell. The total conduction distance is of the order of 10 mm, This 
leaves little room for differentiation on the basis of fibre size, both fibres being 
of much the same order of thickness (Cajal, 1911, p. 64). Thus, if for some 
reason excitability is low at the moment of arrival of the antidromic impulse to 
the first of the two regions of low safety factor (medullated to non-medullated, 
and non-medullated to cell body), the ensuing low degree of depolarization 
may nevertheless suffice to facilitate the entrance of the impulse from the 
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nearby thick dendrites activated almost simultaneously by climbing afferents. 
At least with some electrode placements, these are likely to be co-activated by 
the fastigial shock. It may, therefore, be impossible to ascertain when one 
process begins and the other ends. Stimulation of the brachium pontis, held 
to be purely afferent (cf. Jansen & Brodal, 1954), has actually given latencies of 
the same order. Since the maximum in Fig. 4 is between 0-6 and 0-7 msec, we 
have taken the upper limit of antidromic activation to be 0-8 msec. According 
to Brock, Coombs & Eccles (1953) the antidromic invasion of the ventral horn 
cells may vary between time limits as wide as 0-35 msec, their index having 
been the discharge of a full-sized impulse. 

Fig. 5 serves to emphasize the physiological aspects of the histological 
questions raised. Spike (1) had a shortest latency of 0-5 msec and is thus, on 
our evidence, a P-cell, but there is a latency play of about 0-3 msec which need 
not, but may well, signify alternative activation over climbing afferents. Spike 
(2) varied in latency from 1-2 to 2-0 msec, and cannot therefore on our criterion 
be identified as a P-cell even if it were one. The latency play is still greater for 
spike (3), and its minimum is 1-0 msec. It cannot either be included among 
identified P-cells, yet its voltage, 14 mV on d.c.-recording, and its depth, 
0-42 mm, strongly suggest that it belongs in this group but that the stimulating 
shock either did not excite its efferent fibre or that the cell itself failed to be 
invaded by antidromic impulses in the way ventral horn cells (e.g. Lloyd (1943) 
by extracellular and Brock et al. (1953) by intracellular recording) and the 
retinal ganglion cells (Granit, 1955) often fail to respond unless properly 
facilitated orthodromically. Our preparation, however, does not permit 
unequivocal differentiation of antidromic from monosynaptic activation. 

The two remaining strips of film in Fig. 5 show spontaneous activity. 
Brookhart, Moruzzi & Snider (1950, 1951), in unidentified cells within the 
Purkinje-granular layer, observed very high rates of spontaneous firing. In 
our experience P-cells often are silent, then suddenly start firing and again 
lapse into silence for no obvious reason and also in a highly random fashion. 
Caught fresh or in the unstimulated state by a microelectrode they have modest 
firing frequencies, from next to nothing up to 30 impulses per sec, more rarely 
50-60. But in the course of our experiments the P-cells were stimulated, 
repetitively and by single shocks, in order to obtain the information needed, 
and then, after a while, the cerebellar ‘drive’ often rose to a new level dis- 
tinguished by a higher rate of discharge, which again but rarely was above 
60/sec. Such effects are long-lasting and probably correspond to the long 
after-effects of stimulation described by Clark (1939) with implanted cere- 
bellar cortical electrodes and by Chambers (1947) with nuclear electrodes in 
intact animals. 


Individual variations were considerable, no doubt largely owing to variations in the number and 
nature of afferents co-excited by the fastigial electrodes. Considering the wealth of dendritic 
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skeins around the P-cells and their own widespread trellis-work (see Fig. 1) it seems very likely 
that microelectrodes of the coarser varieties cause destruction within the plexiform layer. Rose & 
Mountcastle (1954) have come to the same conclusion in their study of thalamic cells. Ionic 
Jeakage may therefore set up multiple trigger zones (artificial synapses) which could account for 
the high frequencies seen with such electrodes (as it seems likely that P-cells must have occurred 
among the ones recorded from by Brookhart et al. 1950, 1951). 


- 


Fig. 4 to 5 
Fig. 4. Minimum latencies of 70 units of cerebellar cortex in response to single shocks to fastigial 


nucleus or overlying white matter. The latencies are measured to the beginning of the pre- 
potential in cases in which this was clearly marked. 


Fig. 5. (1) and (2), units responding to fastigial shocks with longer and variable latency. Super- 
imposed sweeps. (a), at threshold strength; (b), at twice threshold strength. Time 1000 c/s. 
Calibration 3-0 mV. (3), giant spike (amplitude 14-0 mV). (a), near threshold; (5), x 8 thres- 
hold. (4) and (5), natural firing of two cells whose latencies to fastigial stimuli were 0-62 and 
0-54 msec respectively. Time 1-0 sec. 
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Inhibition by inactivation 
At this stage a new type of inhibitory process will be described, lest it 
otherwise should prove confusing to the reader to find it unrecognized in the 
P-cell records. It will be called the ‘inactivation response’ and is very common 
in our records. It is also to be seen in fig. 2 (6, g), of Buser & Rougeul (1954), 
which they assume to be a P-cell record. The long vertical film strip of Fig. 6 
presents a practically silent P-cell with an initial shock on the two first sweeps. 


» 


Shee 


Fig. 6. (1), giant spike (44 mV peak-to-peak). Single near-threshold fastigial shocks in first and 
last two sweeps, separated by a burst of the same shocks at 188 c/s. Inactivation responses 
marked by dots. Latency of prepotentials 0-47 msec; of spikes, 1-1 msec before tetanus, 
O76 msec after tetanus. (2), (a), diphasic spike, latency 0-7 msec to prepotential; (6), inactiva- 
tion responses during a tetanus; (c) higher gain; inactivation responses during a period o 
natural firing. (3), naturally occurring inactivation responses from another experiment 
a ee In (a) and (6), time 100 c/s. In (c), higher gain, and time 
c/s. 
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Then follows one sweep without shock as the stimulator is switched over to 
repetitive stimulation at a rate of 185/sec. The cell is stirred to activity, as bes 
seen on the continuous (vertical) record, but most of the shocks only elicit the 
positive prepotential generally preceding the large diphasic spikes. (For 
similar experiences with ventral horn cells, see Brock et al. 1953.) The samples 
seen on the sweeps further demonstrate that the spike occupies slightly 
varying positions on this positive wavelet (cf. Brock et al. 1953; Eyzaguirre & 
Kuffier, 19556). The earliest positions, giving a spike latency of 0-75 msec, 
occur after stimulation. The latency of the prepotential was constantly 
0-47 msec, 

The curious event called inactivation is seen as a thick brief positive-going 
wave interrupting for a while the discharge of the P-cell. Each inactivation is 
marked by a dot. The records (2) refer to another P-cell which in the middle 
record (standing spot on running film) responds to a brief tetanus. Three 
records of inactivation responses occur on this strip. The P-cell then was stirred 
to fast activity followed by a long-lasting after-dischiarge; amplification was 
increased (2c) and two clear-cut positive-going inactivation responses were 
recorded. 

In order to record the inactivation response spread out in time, a very large 
number of sweeps were taken in an experiment where it occurred spontaneously. 
Successful exposures are shown in (3), the two uppermost records at time 
100 c/s, the lowermost one at higher gain and time 1000 c/s. The uppermost 
record happened to catch the inactivation response in the midst of an intense 
spontaneous discharge of the P-cell and thus provided a good background for 
the inhibitory suppression. The length of the pause varies with the amount of 
original drive but is generally of the order of 15-30 msec. Occasionally we have 
seen longer pauses. The lowermost record illustrates a high-frequency spike 
discharge on top of the slow positive wave of the inactivation response. This 
discharge cannot always be seen and apparently requires favourable location 
of the electrode tip. As has been pointed out above, the positive direction 
relative to the negative-going spikes does not as such permit far-reaching 
conclusions. Sometimes the inactivation response has actually been negative 
in extracellular records (e.g. Fig. 12 (1)). Only in intracellular records (see 
below) can the direction of the change of potential be used for inferences about 
the change in the membrane potential of the P-cell during inactivation. 

For further analysis it was necessary, in the first instance, to be able to drive 
the inactivation response from the fastigial electrode. This was the case in the 
experiment of Fig. 7. On the vertical strip the spontaneous firing rate of 
a P-cell was interrupted by a tetanic series giving a large number of inactiva- 
tion responses, thus suggesting that they might also be driven by the shocks. 
This proved to be the case at slower rates of repetition, as shown in (2) in 
d.c. records, which illustrate that the inactivation response reached 6-5 mV 
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positive and returned to the base line within about 14 msec. The small spikes 
on it were now positive. Records (3) repeat this on a faster sweep with d.c. 
amplifier alone. The d.c. amplifier beam was then shifted to the zero position 
indicated in the calibration scale in (4) and penetration attempted. This led to 
the usual high-frequency discharge and a relatively stable level of —46 mV 
membrane potential. On both sweeps and continuous records it can now be 
seen that the characteristic positive-going spikes are stopped and interrupted 
in their falling phase by the inactivation response (samples on sweep) which 
therefore must represent a cathodal depression or inactivation (Franken- 
haeuser, 1952; Hodgkin & Huxley, 1952), i.e. an inhibition by a depolarization 
going beyond the firing capacity of the membrane. As repolarization takes 
place, one can (vertical records in (4), cf. also Figs 9 (2) and 12 (1)) see the spike 
gradually increase in size, provided that the rate of discharge has been 
sufficiently high. 

_ Occasionally there is a ‘rebound’ increase in the frequency of discharge 
following the pause of an inactivation response (Fig. 9 (4)). 

This clearly is an inhibition different from the one described by Brock et al. 
(1952) and Coombs, Eccles & Fatt (19555) in cat spinal motoneurones, which is 
an inhibition by hyperpolarization. Their variety of inhibition is also seen in 
Fig. 7 (4), in which two transitory spontaneous hyperpolarizations lead to 
a period of complete silence of the discharge. Such inhibitory hyperpolariza- 
tions are also seen in the Betz cells (Phillips, 1956a, 6) in which inactivation 
responses are notably absent (these records have since been reviewed by 
C.G.P. from this point of view). 

Fig. 7 (1) also emphasizes that inhibition by inactivation does not neces- 
sarily require a high rate of discharge of the cell itself (cf. also Fig. 6 (1) and 
(2)), and all our records demonstrate its general property of being a discrete 


and specific transient event. This suggests a specific systemic governor capable 


of causing an abrupt inhibitory strangulation of the P-cell. The briefest latent 
period of the inactivation response at its minimum (Fig. 7 (4)) is the latent 
period of the spike plus the time it takes for it to reach its top and some- 
what less than half-value, in this case only 1-5 msec, and varies with the 
latency of the spike, partly, perhaps, only because masked by the latter. Its 
latent period will, of course, like other cellular latencies, depend on the level 
of the membrane potential. It is short enough to indicate a fairly simple 
circuit. 

Since inactivation is common in itself and very rarely obtainable in response 
to the fastigial shock, the recurrent P-collaterals would seem to be excluded. 
On this system inactivation responses would have to be practically inevitable 
both by backfiring as well as by orthodromic excitation. More probable seems 
a depolarization beginning from the bottle-neck of the P-cell where it, together 
with part of its axon, is surrounded by the synapses of its own specific basket 
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axons, the ‘nid’ or nest of Cajal (1911, p. 23). This is a regular and yet singular 
enough feature of P-cells to lead one to expect a correspondingly unique, but 
for these cells common, type of reaction. A synaptic loop through the basket 
cells which are large cells, in size second only to the P-cells, should be given 
first rank in a list of possible working hypotheses. 


Fig. 7 Fig. 8 


Fig. 7. (1), part of a continuous extracellular record showing inactivation responses during 
a fastigial tetanus, interrupting the natural cellular rhythm. d.c. amplification, calibration 
as in (4). (2) and (3), inactivation responses to single fastigial shocks, at different sweep 
speeds (time 1000 c/s). (4), intracellular recording, showing contrast between inhibition by 
inactivation and inhibition by hyperpolarization, as explained in text. 


Fig. 8. (1), giant spike with prepotential, and (lowest sweep) prepotential alone, initially positive- 
going. a.c. amplification. (2), penetration of the same cell with brief survival. d.c. record. 
Spontaneous positive-going prepotentials, one of which generates an impulse. 
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Investigation of the process of impulse generation by fastigial stimulation 
fo 

In records of giant spikes (first section), in which the excitatory prepoten- 
tials are clearly visible, it was possible to observe the failure of the pre- 
potentials to generate impulses when the intervals between excitatory volleys 
were reduced below critical values. And when in the absence of electrical 
stimulation a series of naturally occurring prepotentials follow one another 
too closely, a similar failure of impulse generation is also seen. 

Thus, it appeared in Fig. 6 (1) that the giant spike of 44 mV arose from 
a@ positive wavelet which itself had a constant latency. Sometimes the positive 
wavelet occurred by itself. Another similar giant spike (threshold stimulus) 
is shown in Fig. 8 (1) in which the prepotential alone turns up in the third 
sweep. Fig. 8 (2) begins with a calibration of the d.c. amplifier followed by 
a penetration of the cell membrane. The spike now is seen to be positive-going 
and starts from a similarly positive-going wavelet, the largest of a series of 
spontaneous ones. The purpose of this record is to demonstrate that sufficiently 
close to the membrane the prepotential has the same sign (positive-going) as 
within the cell. These initial positive prepotentials are regularly seen with 
sufficiently large spikes, so that for many purposes there is no need for penetra- 
tion of the cell in order to study them. 

In sending in two successive shocks from the fastigial electrodes we have in 
a considerable number of cases measured the probability of response to the 
second shock at different shock intervals. Exceptionally this value at an 
interval of 3 msec has been 1-0, the average would be of the order of 0-4. Below 
2-2 msec interval the second shock has merely given the wavelet of prepotential 
by itself. High probabilities for an impulse to the second shock have begun to 
occur between 3 and 4 msec intervals but sometimes considerably longer times 
have been required. There is no further need to discuss these facts because, 
inasmuch as they can be followed by our technique, they confirm the results 
of Brock et al. (1953) in every detail (cf. also Eyzaguirre & Kuffler, 1955a, b; 
Frank & Fuortes, 1955). Thus, for instance, at brief intervals both prepoten- 
tials and spikes decrease in size, as found by these authors. 

The long interval means that very few cells can follow faster rates than 
200 c/s for any length of time, as indeed was confirmed by repetitive stimula- 
tion.. Most cells were barely able to follow 200 shocks/sec. It is unlikely that 
the stimulating electrodes excite efferent fibres alone, so that there is always 
in our preparation (cf. Fig. 1) a chance for polysynaptic inhibition to arise 
when, in a double-shock test, the interval exceeds, say, 2 msec. Many cells 
have also failed to respond twice to stimuli farther apart than 5-10 msec. This 
is also seen with ventral horn cells (Brock et al. 1953). Only the shortest 
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intervals can in our preparation be significant for antidromic or monosynaptic 
excitation and these, for a probability of 1-0, fall between 3-2 and 3-5 msec. In 
unidentified cells of the kind likely to have been antidromically inaccessible 
P-cells we have seen intervals as brief as 1-8 msec. By definition the excitation 
then must have been afferent, over synapses, possibly climbing fibres. It is 
well known that orthodromic activation of ventral horn cells may have briefer 
latent periods than antidromic excitation (Coombs et al. 1955a; Frank & 
Fuortes, 1955). 


1-0 sec 


Fig. 9. Responses of unit (latency 0-6—0-7 msec) to fastigial stimulation at different strengths and 
frequencies. Negativity in records (1) to (4) is signalled by wpward deflexion. (1), stimulation 
at 180 c/s, at twice threshold strength. (2), 280 c/s, at twice threshold strength. (3), 500 c/s, 
at threshold strength. (4), 500 c/s, at four times threshold strength. Inactivation responses 
marked by dots. 


The cell of Fig. 9, when stimulated with shocks somewhat above threshold 
strength at a rate of 180/sec, followed this rate well for some time (1), but re- 
sponded with its own rhythm (2) to 280 shocks/sec. At 0-5 V, near threshold 
(3), it fired at a rhythm of its own to 500 shocks/sec. At this rate of stimu- 
lation using 1-6 V, the shocks set up inhibition during stimulation followed 
by rebound afterwards (4). Black dots mark the characteristic inactivation 
responses interrupting the discharge and followed by rebound increase in 
firing frequency. While these observations were made, the firing rate of the 
cell was stirred up. The cell had been silent from the beginning except in 
response to the shocks. 

The responses to repetitive stimulation varied too much to make it possible 
to review all the details. Only one generalization seems safe: if the cell had not 
been stirred up by repeated tests—sometimes even if it had—the charac- 
teristic response to a period of repetitive stimulation of modest strength and 
frequencies up to some 200/sec was of the type shown in Fig. 9 (1) and (2), i.e. 
a discharge of but slightly diminishing frequency abruptly ending with a pause 
after which the cell, discharging an occasional after-burst, settled down to its 
spontaneous rate whatever that happened to be. The bursts, when they 
occurred, often showed a start with initially smaller spikes indicating remaining 
or otherwise maintained depolarization (see below). In a number of animals 
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with good rigidity this was accompanied by fore-limb relaxation during the 
stimulation period and rebound when the discharge returned to its previous 
level. 

As stated, stirred-up cells often became hyperactive and then there were also 
ample opportunities for observing the effects of intense spontaneous dendritic 


Fig. 10. (1), giant spike (28 mV peak-to-peak) stimulated at 180 ¢/s. Inactivation responses 
marked by dots. Note diminished spike height, and high-frequency membrane oscillation, 
following end of tetanus. (2), another giant spike (26 mV peak-to-peak). Bursts of grouped 
es discharges following end of fastigial tetanization. Arrows indicate interpolated 
shocks. 


bombardment. Fig. 10 (1) is a P-cell firing to a stimulation rate of 180/sec, 
except when interrupted by the characteristic positive wave of the inactiva- 
tion response (marked by dots). The cell did not return to its original firing rate. 
Instead there occurred very small positive wavelets, best visible on the sweeps 
and looking like diminished prepotentials. These came at a rate far beyond the 
firing frequency of the cell. Before this happened, the spikes, first gradually, 
then suddenly, grew smaller. Record (2) is from a stirred-up cell firing 
spontaneously at a very high rate. Each time paired shocks were put in, there 
was a pause (arrows on record), unless the cell had already silenced itself by the 
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spontaneously and irregularly occurring process of gradual spike diminution, 
so different from the sudden onset of the inactivation response stopping the 
discharge. The membrane change, however, appears to be the same. Spikes 
on the falling wave of the inactivation response of Fig. 10 (1) were also smaller, 
as they should be in a highly depolarized cell (see above, section 2 and Fig. 7). 
Similarly, retinal ganglion cells, depolarized by long-lasting repetitive stimula- 
tion at high frequencies, exhibit a diminution of spike size (Granit, 1955), 
though recovery is less rapid than in the cerebellum. The diminution of spike 
height in highly depolarized cells has since been demonstrated with inside 
_ records from ventral horn cells (Coombs e¢ al. 1955a) and crayfish stretch 
receptors (Eyzaguirre & Kuffler, 1955a, 5). 

In Fig. 11 (1) is shown the end of a long-lasting stimulation of a P-cell 
(a.c.- and d.c.-recording) discharging the characteristic giant spike which in 
this case follows a rate of about 200 shocks/sec. During stimulation it stopped 
firing and, soon afterwards, stimulation was switched off. The reason for 
cessation of spike activity seems clear: the generating positive wavelet of 
prepotential had grown small and frequent. After some time of silence (2) 
these wavelets spontaneously began to slow down in frequency and, at the 
same time, to increase in size. First small, and then somewhat larger spikes 
are now seen to arise on top of these prepotentials, and the cell soon started 
firing spontaneously at a rate of about 110 spikes/sec. At this lower rate of 
discharge spike size also settled down to a larger value than before. However, 
the cerebellar cortex was by and by stirred to high activity by several long- 
lasting fastigial stimulation periods. A persisting excitatory state outlasted 
these stimulation periods for several seconds with the cell firing at a higher rate 
than in the long run it could carry. The spikes again disappeared. Records (3) 
and (4) show the cell discharging spontaneous positive prepotentials or wave- 
lets at varying rates. Whenever the rate grew sufficiently low, the wavelet 
increased in size and a spike arose on top of it. Similar records have been 
obtained by Eyzaguirre & Kuffler (19555) from crayfish stretch receptors 
whose dendrites had been depolarized by stretch. 

This process of varying excitability is studied in eleven sweeps (Fig. 11, 
records (3) and (4)), which well illustrate the behaviour of the membrane in 
a rhythmically discharging cell, activated by a live (unanaesthetized) dendritic 
(plexiform) organization. Even without intracellular records, it seems safe to 
conclude, in view of the earlier results presented and the experiences of many 
other authors, that the diminution of the spike is a sign of cell depolarization. 
The principle of this mechanism of inhibition is the same as that of the inacti- 
vation response, with the difference only, that the latter is a sudden, transitory 
choking of the P-cell by a specific system, while in this case the incessant 
dendritic activation has led to a long-lasting state of hyper-depolarization. In 

this case dendritic activity is stirred up by repeated periods of stimulation, 
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Fig. 11. Giant spike (13 mV peak-to-peak). (1), records at two different amplifications showing 
the ending of a fastigial tetanus. Stimulation ended after spike stopped firing. Note 
subsequent increased frequency and subliminal amplitude of prepotential. (2), continuation 
of (1), showing spontaneous resumption of impulse discharge as frequency of prepotentials 
declines and their amplitude is gradually restored. (3) and (4), increased amplification. 
Sweeps showing prepotentials generating impulses whenever their rate of discharge declines 
so as to allow them to grow to sufficient size. 
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whilst Eyzaguirre & Kuffler (1955a) produced the same state of permanent 
dendritic hyper-depolarization by stretch. Their records, however, do not show 
the rhythmically recurring prepotentials so characteristic for the P-cells. 

It is further very interesting to note that in a live dendritic network the 
natural mechanism of activation of its effector cells consists of a translation of 
the dendritic input into a rhythmic process of recurring prepotentials, as if the 
P-cells were sense organs run by dendritic terminals. With a larger cell than 
the P-cell it should be possible to obtain intracellular records relating the 
frequency and size of the rhythmic wavelets to the level of membrane potential. 
Yet these measurements would not be absolute unless the microelectrode 
could be inserted into the actual dendritic site of excitation (Eyzaguirre & 
Kuffler, 1955a). 


Fig. 12. (1), giant spike (28 mV peak-to-peak). Note pauses in natural rhythm following paired 
fastigial shocks, whether or not the first of each pair fires an impulse. Note also negative-going 
inactivation response (marked by a dot). (2), giant spike (25 mV peak-to-peak). Each 
stimulus interpolates an impulse into the natural train, and the single inactivation response 
(marked by dot) is typically positive-going. 


Post-excitatory pause 

Least analysed of the inhibitory phenomena noted is the one illustrated in 
Fig. 12. Two different giant spikes are shown, firing at different spontaneous 
tates. Record (1), in which the spontaneous rate is faster, presents a better 
35 PHYSIO. CXXXIII 
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background for the pause. There this inhibition follows after each pair of test 
shocks to the fastigial nuclei and lasts about 30 msec. In record (2) the test 
consists of paired shocks of which only the first elicits a spike. It is clear that 
the post-excitatory pause after the shock is not identical with the inactivation 
response, of which a characteristic sample occurs in each record. After the 
inactivation response, here as elsewhere, the spikes gradually increase in size, 
whereas after the pause, the spikes start full-size or slightly supernormal with 
the fresh onset of the discharge. This suggests that the post-excitatory pause, 
reminiscent of the same phenomenon in motoneurones, is a brief period of 
hyperpolarization, but at the moment we have no intracellular records by 
which to support this view. 


The D-potential 

The spike and the inactivation response are two discrete events, as dis- 
tinguished, for instance, from the gradual inactivation by a massive, incessant 
dendritic input. A third discrete event is the D-potential, not so far described. 
Examples are shown in Fig. 13. These are large waves, from 4 to 20 mV, lasting 
from 6 to 10 msec running down to base-line level in d.c.-recording as shown 
by Fig. 13. Sometimes single, sometimes notched, they occur at all depths 
from 0-1 mm inwards within molecular and cellular lavers. To a first approxi- 
mation they resemble disconnected inactivation responses, occurring like 
those in a highly unpredictable manner at very slow irregular rates. Occasion- 
ally one succeeds in stirring them by afferent stimulation (touch, shocks to 
saphenous nerve) to a somewhat faster rate of discharge, more often it is 
possible to drive them from the fastigial electrodes at latencies which never 
have been below 2-5 msec, commonly 2:8. 

Initially they were held to be definitely pathological responses because they 
often occur on low-voltage penetrations and then are always positive-going. 
However, in several cases it was possible to record them as negative-going 
events merely by advancing the electrode tip. It was also observed that 
destruction of a cell or dendrite by puncture generally ended up in a slowly 
deteriorating rhythmical response, whilst the considerably bigger D-potential 
lasted very much longer, slowly diminishing in size. Its curious discreteness 
and the large size, maximum 20 mV with ezternal approach, lend support to 
our final standpoint that the D-potential is a response type in its own right 
belonging to dendrites or Golgi II cells. The discovery of the very similar and 
perfectly normal inactivation response showed that slow waves of the D-type 
do occur as discrete events and not only as summated slow mass effects. Of the 
latter there was a large variety which, in this connexion, we do not iztead to 


discuss, We have no evidence to identify the D-potential with the inactivation 
response. 
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Fig. 13, (1), D-potentials (d.c. records), Two examples from a series elicited by pinches of foot. 
Membrane potential, initially more than ~ 50 mV, declined rapidly before record was taken. 
(2), stages of deterioration of a D-response. (a), within a few seconds of penetration. Vertical 
record has d.c. record of membrane potential (right), and higher gain a.c. record (left) showing 
contrast between declining spikes and the D-potential evoked by a fastigial shock (marked 
by a dot). Sweeps show same response, a.c. on upper, d.c. on lower beam. (6) 5 min later. 
Spikes have ceased. Membrane potential and D-potential (d.c, record) have decayed. 
(c), microelectrode withdrawn to give zero voltage record. Time 1000 o/s. (3), d.c. record of 
D-potential responding (a) to stimulation of brachium pontis, (b) to stimulation of n. fastigii. 
Time 1000 c/s. In (a) note contrast between deteriorating spikes and D-potential alongside 
record, 


DISCUSSION 


The conclusion that the spikes presented are from P-cells is based on five lines 
of evidence: (i) no earlier spikes have ever been seen in responses to fastigial 
(antidromic or monosynaptic) activation; (ii) these are the largest responses 
obtained, and the P-cells are the largest cells available at (iii) the correct 
depth. We have found such responses occasionally at depths between 0-2 and 
0-3 mm, though more commonly a little deeper, 0-4-0-6 mm. As fold after fold 
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of buried cortex is penetrated, new layers of P-cells are approached, distin-— 


guished by characteristic variations of the massed initial wave and by the 
occurrence of good-sized spikes. (iv) The results of Brock et al, (1953) on 
antidromic stimulation of ventral horn cells with single or double shocks are in 
such perfect agreement with our findings that we have been able to shorten 
description by referring to their paper (cf. also Eyzaguirre & Kuffler, 1955a, b; 
Frank & Fuortes, 1955). To these arguments might be added (v) the gradually 
accumulating experience of the relative uniformity of behaviour of P-cells. 

From the point of view of function, the cerebellum seems to be an organ 
setting up states or levels of activity suitable for tonic regulations. The finding 
that under the conditions of our experiments its P-cells are naturally active at 
most times is therefore hardly surprising. For it is presumably this tonic 
activity that prevents the soft plastic rigidity of the precollicular decerebrate 
cat from turning into the extreme extensor rigidity brought about by added 
lesion or by cooling of the anterior lobe (Bremer, 1922; Pollock & Davis, 1930; 
Stella, 19444, b; Moruzzi, 1950; Granit, Holmgren & Merton, 1955). 

There is an obvious difference between this cerebellar situation and the 
state of the spinal motoneurones in the important experiments of Eccles and 
his collaborators. In those experiments the motoneurones are silent at all 
times, unless stimulated antidromically or trans-synaptically. Indeed, moto- 
neurones (except those taking part in postural activity) differ from other 
central neurones in that they are normally silent when the body is at rest. This 
silence has been encouraged by deep anaesthesia and spinal transection. Reflex 
excitation by well-synchronized afferent impulses has been shown to be due, 
under these conditions, to the building-up of the excitatory post-synaptic 
potential (e.p.s.p.), which decays with the time-constant of the post-synaptic 
membrane (about 4 msec). It tends to be assumed that excitation elsewhere 
in the central nervous system, and under conditions of continuously graded as 
well as of abrupt afferent stimulation, is due to the same fundamental process 
as that revealed in the spinal motoneurone. 

In our experiments, with the cerebellum in a state of incessant paradendritic 
activity, we have found that the steady pressure of natural excitation is 
translated into rhythmic wavelets, the prepotentials (Figs. 6, 8, 11), which are 
very brief events of the order of 1 to 2 msec duration. Their fast decay, in 
particular, contrasts with the slower decay (time constant 4 msec) of the 
e.p.s.p. Their sign is positive in extracellular records, and has remained positive 
in the few successful penetrations of the membrane, so that they cannot have 
been generated by the membrane at the recording site, but must have arisen 
in membrane at some distance from the electrode tip. In contrast, the main 
negative-going component of the spike has always reversed its direction on 


penetration, showing that it is an active response of the membrane at the 
recording site. 
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At present we do not know why these prepotentials emerge as rhythmic 
fluctuations of brief duration. We can only register their definite connexion 
with the process of excitation as it ultimately leads to the discharge of an 
impulse. Their exact nature remains a matter for speculation. 

In our experiments their size has been uniformly graded, and the spikes have 
arisen near their crests with some latency variation, as already described. They 
have not been clearly ‘quantal’, as in the experiments of Katz (1950a) on frog 
muscle spindles. Katz interpreted these quantal prepotentials as all-or-nothing 
impulses in nerve branches, blocked at junctions where a low safety factor 
prevails. He suggested that a similar state of affairs might be found at the 
dendritic branchings of central neurones: the main branchings of the Purkinje 
dendritic tree, which springs from a single pole of the cell and branches 
dichotomously, are inviting from this point of view, but no evidence of quantal 
prepotentials has been obtained in our experiments. 

An alternative interpretation would ascribe the prepotentials to excitation 
in the region of the axon hillock, at which region of the spinal motoneurone 
Eccles (1956) now gives reasons for supposing that all impulses, whether anti- 
dromic or orthodromic, actually arise (cf. Gesell, 1941). On this interpretation 
our giant spikes would be soma-dendrite spikes, invading the soma and dendrites 
in retrograde fashion from the axon hillock. The presence of prepotentials 
in all of our giant spikes, whether responding naturally to the steady excitatory 
dendritic pressure, or artificially excited antidromically or monosynaptically, 
is less difficult to understand on this than on any other interpretation. 

It is clear, at any rate, that our records are derived from a region at some 
distance from the graded ‘generator potential’ which by analogy with sense 
organs (Granit, 1947; Katz, 1950; Eyzaguirre & Kuffler, 1955a, 6), must be 
presumed to intervene between the steady paradendritic activity and cellular 
firing. This region must lie in the profuse fine terminal extensions of the large 
Purkinje trellis-work. Our extracellular d.c. records show no trace of events of 
longer duration than the prepotentials, except the D-waves (see below), and 
in this connexion our inability to obtain intracellular records of good quality 
and stability has been especially disappointing. In lobster stretch receptors 
(Eyzaguirre & Kuffler, 1955a, 6), although the intracellular recording site is 
at a distance from the fine dendritic terminals, some trace of the generator 
potential can be registered, attenuated by electrotonic transmission so that the 
impulses appear to arise at a ‘firing level’ spuriously low. Each spike is 
preceded by a slow graded depolarization, ending in a steeper upcurving at the 
foot of the spike. A similar picture is seen in naturally active Betz cells 
(Phillips, 19564, b). At the moment it seems reasonable to ascribe the differences 
between Kuffler’s findings in lobster stretch receptors and cerebellar P-cells to 
geometrical differences rather than—in the first instance—to proceed to 
postulate different types of membranes. 
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The actual locus of impulse generation—lying somewhere between dendritic 
terminals and axon hillock—may well be different in different types of neurones. 
Differences in site of impulse origin in antidromic and orthodromic excitation 
are evident, for example, in ‘fast’ and ‘slow’ receptor cells of Eyzaguirre & 
Kuffler (1955a, 5). - 

Another discrete event, the slow D-potential, seems more akin to the post- 
synaptic potential of Eccles and his collaborators, though we have no evidence 
justifying precise identification. Its nature remains for further work to 
elucidate. A large number of authors (e.g. Adrian, 1937; Chang, 1951) have 
recorded slow poterftial changes as mass effects and have had good reasons for 
ascribing them to dendrites. Our D-waves differ from the dendritic responses 
of Tasaki, Polley & Orrego (1954) in being monophasic in d.c. records. The 
dendritic responses from Mauthner cells (Tasaki, Hagiwara & Watanabe, 1954) 
are in better agreement with our D-waves. If postsynaptic potentials, they 
would represent massive synchronous activation of dendrites of individual 
cells or of Golgi II cells. 

Inhibition has shown particularly interesting features. There has been the 
inhibition by hyperpolarization described by Brock et al. (1952), Coombs et al. 
(19556), Kuffler & Eyzaguirre (1955) and Phillips (19564, 6), but this organ 
seems to have made especial use of what has been known for a long time in 
peripheral nerve as cathodal depression (cf. Frankenhaeuser, 1952; Hodgkin & 
Huxley, 1952). In ventral horn cells Coombs et al. (1955a) found that artificial 
depolarization to about —50 mV from a resting level around —80 mV pre- 
vented antidromic spike discharge. This process has here occurred naturally in 
two varieties, the first of which was unexpected: this was the special brief 
inactivation wave or response, precise in time and space, so as to suggest 
a likewise special system to run it. In looking for a histological substratum our 
first suggestion has been to locate this system to the basket cells with efferent 
axons around P-cell and the bottle-neck of its exit point. This, at the moment, 
is an hypothesis based largely on the necessity of relating a unique, yet com- 
mon, finding to a likewise unique system common in the cerebellum. 

When the P-cell is firing spontaneously at a high rate under intense synaptic 
bombardment a similar cathodal depression or inactivation may develop, 
during which it merely discharges fast prepotentials, too small to activate 
a spike. This in particular, we believe, is a process that requires live and well- 
circulated cerebellar tissue so that activation from the extensive paradendritic 
synaptic organization in the plexiform layer can reach the necessary level of 
intensity. Inactivation by gradual depolarization has been seen both in the 
large retinal ganglion cells (Granit, 1955) and in stretch receptors of the cray- 
fish (Kyzaguirre & Kuffler, 1955a, their fig. 9). Their records may be compared 
with our Fig. 11. Drugged or asphyxiated organs can hardly be expected to 
respond in this fashion. Indeed, unless the cerebellum is in excellent condition, 
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it is difficult to do anything at all with its P-cells. The spinal cord often gives 
good reflexes when the cerebellum for no obvious reason is clearly abnormal. 

It is perhaps not out of place to emphasize what would be a biological 
advantage of inhibition by inactivation as compared with inhibition by hyper- 
polarization. A persistent excitatory inflow will tend to counteract hyper- 
polarization but would maintain inhibitions by inactivation as a kind of 
self-strangulation of the discharging mechanism of the cell. 

The inhibitory process described above as the post-excitatory pause, so 
reminiscent of the similar pause in the ventral horn cells, is believed to be 
a hyperpolarization but the evidence is still missing. If akin to the corre- 


sponding process in ventral horn cells, it would be run by a loop over P-cell 
recurrent collaterals. 


SUMMARY 


1. Micropipettes of the kind used for internal recording from nerve cells and 
fibres have been applied to single Purkinje cells of the cerebellum of decerebrate 
cats. These cells have been identified by the short latency (0-8 msec or less) of 
their response to antidromic or monosynaptic activation from cerebellar 
nuclei or neighbouring arbor vitae. 

2. At the membrane large diphasic positive-negative spikes (20-50 mV 

peak-to-peak) can be recorded (‘giant spikes’). These, with the positive-going 
prepotentials which initiate them, are the most useful responses in the analysis 
of Purkinje cell behaviour. Puncture of the cell membrane leads to rapidly 
deteriorating ‘resting’ and action potentials, permitting only brief periods of 
observation. Large stable resting potentials (—60 to —80 mV), without 
oscillations or impulses, are very common in the cerebellar cortex. 
- 3. In the absence of stimulation the Purkinje cells generally fire at slow 
rates, with spells of silence, but tetanization from the cerebellar nuclei or 
arbor vitae is outlasted by persisting excitatory states during which the rate 
of firing is greatly increased. 

4. Under such persisting excitatory pressure, Purkinje cells generate 
rhythmic prepotentials (cf. (2) above) of graded amplitude. At high frequencies 
these become too small to initiate impulses. At lower frequencies they grow 
larger and initiate normal giant spikes. 

5. The well-known inhibition by hyperpolarization has been seen in inside 
recording. 

6. A second type of inhibition by excessive depolarization (cathodal 
depression, inactivation) is a regular feature of Purkinje cell behaviour. It has 
occurred in two varieties: (a) as a transient event, stopping the discharge for 
15-30 msec, and suggesting a specific inhibitory apparatus; such transient 
inactivations occur spontaneously as well as in response to single fastigial 
shocks; (6) as a gradual process in which increasing frequency and diminishing 
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size of the prepotentials leads to reduced spike size and ultimately to cessation 
of firing. 

7. Another discrete wave of depolarization (the ‘D potential’) is reported 
because of its very common occurrence in both inside and outside records. Its 
nature is not understood. 


In support of this work grants from the Swedish Medical Research Council have been used. 
C. G. P. gratefully acknowledges a Travel Grant from the Osler Memorial Fund at Oxford. The 
oil-operated micromanipulator and its heavy three-dimensional carriage was built by Mr T. A. 
Wright of the University Laboratory of Physiology, Oxford. 


Note added in proof 


Our attention has since been drawn to a paper by A. Arvanitaki & N. Chalazonitis (1955, 
Potentiels d’activité du soma neuronique géant (Aplysia). Arch. Sci. physiol. 9. 115-144), in 
which intracellular records from the excised visceral ganglion of Aplysia, in addition to the typical 
spike, occasionally gave another type of spike succeeded by a phase of maintained depolarization, 
reminiscent of our inactivation response. Excitation in this cell also reminds one of P-cell be- 
haviour in that it takes the form of oscillatory prepotentials. 
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In recent years much new information has accumulated on the storage of the 
_ biologically active amines. Adrenaline and noradrenaline, histamine and 
5-hydroxytryptamine are stored in cytoplasmic granules. It is from these 
stores that the amines are released when they appear in the tissue fluids. 
It has been shown for both histamine (Hagen, 1954 a) and the catechol amines 
(Blaschko, Hagen & Welch, 1955) that the storage granules, when injected 
fresh into the circulation of the cat, contain the amines in a form in which they 
do not immediately exert their full biological effect. However, treatment of the 
granules with distilled water makes the amines fully available. In other words, 
the granules behave as if they were surrounded by semipermeable membranes 
with osmotic properties similar to those of the cell membrane. 

This simple picture does not fully account for the high concentration of 
catechol amines which are present in some of the cytoplasmic granules of the 
chromaffin cell. If the amines were present in aqueous solution, an osmotic 
disequilibrium between the granules rich in catechol amines and the tissue 
fluids would exist. However, this apparent disequilibrium is maintained under 
conditions where there appears to be no supply of energy, and the amines in 
the cytoplasmic granules may be held by ionic forces (see Blaschko et al. 
1955). A knowledge of the chemical composition of the granules is therefore 
important. 

Information on the chemistry of the chromaffin granules has been accumu- 
lated by Hillarp & Nilson (1954) who showed that the granules are rich in 
phospholipids, Hillarp, Hégberg & Nilson (1955) have since reported the 
occurrence in the bovine adrenal medulla of high concentrations of adenosine- 
triphosphate (ATP); according to these authors the ATP is present in granules. 


* Postdoctoral Fellow, Ministry of Health, Province of Quebec, Canada. 
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Since in earlier experiments different types of ‘large granules’, distinguished 
as the ‘top’ and ‘bottom’ layer, with a different catechol amine content, had 
been isolated (Blaschko et al. 1955), it was decided to find out how the ATP 
was distributed over these fractions. In addition, a procedure for separating 
chromaffin granules has been developed which makes use of the different 
sedimentation of the granules in sucrose solution of high density. 

Some of the results described below have been briefly reported (Blaschko, 
Born, D’Iorio & Eade, 1956a, 6). 


METHODS 

Preparation of a fraction of ‘large granules’ from bovine adrenal medulla. Adrenal medulla 
(5-10 g) was finely chopped with a knife and then homogenized in a glass homogenizer in a suitable 
amount of 0-3m-sucrose. The resulting suspension was made up to 50 ml. by adding more of the 
same sucrose solution. The homogenate was centrifuged at 600 g for 10 min in order to remove 
intact cells and nuclei. The low-speed supernatant was then centrifuged in the ultra-high-speed 
attachment of the MSE centrifuge at 11,000 g for 20 min. The supernatant fluid was discarded 
and the sediment was made up to 10 ml. by adding 0-3m-sucrose. The sediment was suspended as 
evenly as possible, and the suspension obtained, which in what follows will be referred to as the 
‘large granule’ fraction, was used as the starting material for the separation of the ‘top’ and 
‘bottom’ fractions in 0-3m-sucrose as well as for the further centrifugations in hypertonic sucrose. 
All centrifugations were carried out at 0° C. 

Catechol amines. The method of von Euler & Hamberg (1949) was used in which the catechol | 
compounds are oxidized by iodine to coloured compounds. We carried out the oxidation at pH 6, 
where adrenaline and noradrenaline contribute equally to the colour developed; the figures given 
refer to total catechol amines. 

_ Protein nitrogen. Protein precipitation by trichloracetic acid was carried out as described before 
(Blaschko et al, 1955); after the digestion in micro-Kjeldahl flasks Nessler’s reagent was added 
and the determination carried out as described by Umbreit, Burris & Stauffer (1951). 

- Determination of ATP. One volume of ice-cold 5% (v/v) trichloracetic acid was added to the 
tissue suspension and the mixture was dispersed in an all-glass homogenizer held in ice-cold water. 
The material was centrifuged at 3000 g for 5 min at 0° C. The clear supernatant was shaken 
4 times with equal volumes of ice-cold ether; the ether extracts were discarded, Nitrogen was 
passed through the aqueous solution to remove the remaining ether. One volume of 0-2m-sodium 
arsenate buffer of pH 8 was added and the solution was frozen until the ATP was estimated. 
ATP was determined by the firefly luminescence reaction (Strehler & Totter, 1954). Control 
experiments showed that the relation between the concentration of ATP and the amount of 
luminescence produced was not affected by adrenaline in concentrations in which it occurred in 
the tissue extracts used for ATP determinations. 


RESULTS 
Experiments in 0-3M sucrose 
In these experiments, the separation of ‘top’ and ‘bottom’ layer was 
carried out as follows. The large granule fraction, prepared as described under 
‘Methods’, was resuspended and recentrifuged at 11,000 g for 60 min. The 
supernatant fluid was discarded. The sediment showed a difference of appear- 
ance between top and bottom layers: the top layer was of a light fawn colour, 
sometimes a little pink; the bottom layer appeared more compact and was 
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brown, sometimes with a very dark spot at the very bottom. The line of 
demarcation was usually clearly visible; this made separation easier. The top 
layer was removed first with a wide-mouthed Pasteur pipette; the bottom 
layer was then similarly collected. This procedure was similar to that used by 
Blaschko et al. (1955). 

Distribution of ATP and catechol amines in top and bottom layers. In the 
three experiments of Table 1 the total amount of top and bottom fraction 
was weighed; weighed samples were then removed for the determination of 
protein nitrogen, catechol amines, ATP and dry weight. 


TaBie 1, Large granules of bovine adrenal medulla. ‘Top’ and ‘bottom’ fractions 


Catechol Molar 
Wet Dry Protein N amine ATP ratio 
wt. of wt. (mg/g (mg/g (mg/g adrenaline 
Expt. fraction (g) (%) wet wt.) wet wt.) wet wt.) ATP 
Top 

1-235 15-4 7°25 8-65 1-37 17-5 

2 1-890 17-7 8-20 8-05 2-12 10-5 
3 1-328 18-4 7°75 9-80 3-66 7-4 

Bottom 

1 0-487 23-0 15-2 29-5 17:7 4-6 
2 0-396 24-6 13-9 26-0 24-3 3-0 
3 0-475 25-0 11-9 30-8 11-0 7:8 


The figures for catechol amines and protein nitrogen shown in Table 1 
are similar to those given in the earlier work (Blaschko et al. 1955) where the 
results for catechol amines are replaced by figures based on bioassay in terms 
of adrenaline. From the three experiments of Table 1, the ‘catechol amine: 
protein’ ratio has been calculated; the mean of this ratio is 0-18 for the top, 
and 0-34 for the bottom fraction; the mean of the ratio ‘adrenaline: protein’ 
in the experiments of Blaschko et al. (1955) was 0-22 for top and 0-48 for 
bottom. However, in the present work, we have preferred to express results in 
terms of protein nitrogen rather than of protein, since the assumption that the 
nitrogen figures, multiplied by a factor of 6-25, should give the protein may 
not be fully justified. Expressed in terms of dry weight the percentage ATP 
content of the bottom layer was 7-7, 9-9 and 4-4%,; in the preliminary report 
(Blaschko et al. 1956a) some of these figures were slightly in error. 

In the experiments of Table 2 the method of sampling differed from that 
used in the experiments of Table 1. After separation of the top and bottom 
layers, the whole of each fraction was resuspended under vigorous shaking, 
in 0-3M-sucrose; samples were then taken for the determinations of protein 
nitrogen, catechol amines and ATP. As in the earlier work (Blaschko et al. 
1955) the bottom fraction had the higher catechol amine content. 

The figures given in Tables 1 and 2 for the molar ratio ‘adrenaline: ATP’ 
are calculated on the assumption that all the catechol amine present was 
adrenaline (molecular weight 183). However, in a few instances recorded in 
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the literature (see Hagen, 19545) as much as 50° of the amines was nor- 
adrenaline; in this extreme case the calculation of the molecular weight would 
have been in error by about 4%; the correction required can be considered as 
negligible. The molecular weight of ATP was taken as 507. 

The results of Tables 1 and 2 show that the bottom fraction with the high 
catechol amine content was also rich in ATP. The mean values for the molar 
ratio, adrenaline: ATP (taken from Tables 1 and 2) were for the top fraction 
9-8, for the bottom fraction 6-7. 


Tasie 2. Molar ratio ‘adrenaline: ATP’ in top and bottom granules 


Top fraction Bottom fraction 
Catechol Catechol 
amine ATP Molar ratio amine ATP Molar ratio 
(g/g of (g/g of adrenaline: (g/g of (g/g adrenaline 
Expt. protein N) N) ATF. ., N) N) ATP 
4 0-78 0-18 12-0 1-60 0-58 76 
5 1-28 0-32 11-1 2-29 0-79 8-0 
6 2-06 0-79 7-2 
7 2-30 0-92 6-9 
8 2-27 0-87 7-2 
9 1-46 1-20 
10 3-55 0-85 11-6 
ll 1-20 0-53 6-3 1-49 0-74 
12 1-10 0-39 7:8 2-14 0-77 77 
13 1-20 0-57 5-8 2-90 1-20 6-7 


TasLE 3. Recoveries of catechol amines and ATP in adrenal medullary fractions. The recoveries 
are expressed as percentage of the fraction from which they were derived 


Derived 
from ... Low-speed supernatant Large granule fraction 
Fraction 
examined... Large granule fraction Top layer Bottom layer 
Expt. amines ATP amines ATP amines ATP 
11 59 79 39 41 52 63 
12 44 76 38 33 68 59 
13 71 107 26 24 66 55 
Mean 58 87 34 33 62 | 59 


Catechol amines and ATP were determined in the low-speed supernatant 
and the large granule fraction (high-speed sediment) as well as in the separated 
top and bottom fractions. The figures in Table 3 show that the mean recoveries 
were different for the ATP and for the catechol amines present in the low- 
speed supernatant: the mean recovery of ATP was 87%, that of the catechol 
amines was 58%, which is somewhat lower than the mean recovery of 75% 
found by Blaschko e¢ al. (1955) in a much more extended series of determina- 
tions. The figures indicate that the catechol amines which were removed in 
the supernatant of the high-speed centrifugation were not paired by a corre- 
sponding amount of ATP; the association of catechol amines and ATP was 
a feature of the sedimented fractions. 
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Catechol amine and ATP content of top and bottom fractions satisfactorily 
accounted for the amounts present in the high-speed sediment; the mean 
recoveries in the three experiments of Table 3 were 96% for catechol amine 
and 92% for ATP. The results also show that the mean catechol amine: ATP 
ratio in top and bottom fractions was very similar; 33% of the ATP and 
34%, of the catechol amine content of the high-speed sediment were recovered 
in the top fraction; the bottom fraction accounted for 59% of the catechol 
amines and for 62% of the ATP of the high-speed sediment. In other words, 
in each of the granule fractions the catechol amines were associated with the 


ATP. 
Zz 


— 100% 


50% 


03™ sucrose 02™ sucrose 01 ™ sucrose 


Fig. 1. Release of protein, catechol amines and ATP from the granules of the ‘bottom’ layer, 
obtained from a homogenate of bovine adrenal medulla. The black part of each column 
represents the amount recovered in the sediment, the white part the amount recovered in the 
supernatant fluid. 


Osmotic release. In these experiments the bottom fraction was prepared and 
resuspended in 0-3m-sucrose. Three centrifuge tubes were set up; each con- 
tained 1 ml. of the suspension; to this was added: in tube 1, 2 ml. 0-3m-sucrose; 
in tube 2, 1 ml. 0-3m-sucrose +1 ml. water; in tube 3, 2 ml. water. The 
contents of each tube were at once well mixed at 0° C and centrifuged for 
10 min at 25,0009. The sediments and supernatant fluids were collected 
separately and protein nitrogen, catechol amines and ATP were determined; 
in each experiment determinations were also carried out on the bottom 
fraction as a whole. 

The results of one experiment are illustrated in Fig. 1; the black portion 
shows material found in the final sediment, in terms of percentage of the 
amount added, the white portion of the columns shows the amounts recovered 
in the supernatant fluids. Fig. 1 shows that after centrifugation the bulk of 
the protein nitrogen, catechol amines and ATP was recovered in all tubes. 
The distribution between sediment and supernatant, however, was different 
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in the three tubes. In 0-3m-sucrose most of the material remained in the 
sediment; in the second tube, in approximately 0-2m-sucrose, about one-half 
of both ATP and catechol amines was found in the supernatant fluid. In the 
third tube, where the concentration of sucrose was approximately 0-1, 
practically all the catechol amines and ATP were recovered in the supernatant 
fluid. | 

The percentage recoveries of protein nitrogen show that some of the protein 
was also released from the sediment into the supernatant in the hypotonic 
media; in tube 2 the amount released was 21%, in tube 3 it was 54%. 
Inspection of the tubes after centrifugation showed that the total volume of 


the material sedimented was greatest in tube 1, there was less sediment in 
tube 2, and least in tube 3. 


Experiments in hypertonic sucrose 

In a number of experiments the large granule fraction was prepared from 
5-10 g adrenal medulla and resuspended in 0-3m-sucrose to give a volume of 
10 ml. Three Spinco centrifuge tubes of a capacity of about 6 ml. were pre- 
pared, each containing 4 ml. of a strongly hypertonic sucrose solution. The 
molarity of the sucrose in the first tube was 1-0m; in the second tube it was 
15m, and in the third 2-Om. Into each tube 1 ml. of the resuspended large 
granule fraction was pipetted, so that it formed an opaque layer above the 
hypertonic sucrose solution. The tubes, which fitted into the Spinco swing-out 
head (SW 39), were then centrifuged at 142,000 g for 1 hr. 

At the end of the run, the granules had distributed themselves differently 
in the three tubes: in the first tube a copious sediment had formed and little 
material was retained at the boundary between the two sucrose layers. In the 
second tube less sediment had collected at the bottom and there was much 
more opaque material in the boundary zone between the two layers of sucrose. 
In the third tube, there was only a small amount of sediment at the bottom 
and the ring of opaque material in the boundary area was very conspicuous. 
In each tube a very small amount of opaque material was floating on the 
surface of the fluid. The large volume of hypertonic sucrose was only slightly 
opaque in the first tube but more so in the second tube, and much more so in 
the third. 4 

The distribution of catechol amines in the three tubes is shown in Table 4. 
Each tube contained 6720yg, and the total recovery was between 88 and 
92°. In the sediment the recovery of catechol amines was 81% in tube 1, 
65°% im tube 2, and 5% in tube 3; in the boundary layers of the tubes the 
recoveries were 2, 7 and 62%. 

Two experiments were carried out in which 1-5m-sucrose was used as the 
medium of high density in all three centrifuge tubes. Centrifugation was 
again at 142,000g for 1 hr. The different layers were removed as before; 
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. the corresponding layers from the three tubes were pooled. In this way 
enough material was collected for the determination of protein nitrogen, 
catechol amines and ATP. 

The results obtained in one of these experiments are given in Table 5. The 
volumes of the layers are given as percentage of the total amount of fluid 
originally present in the tubes; it was assumed that the volume of the 
sediment, which was not measured, was the difference between the amount 
of the material put in before centrifugation and the sum of the volumes 
Taste 4. Distribution of catechol amines after centrifuging in hypertonic sucrose. In each tube 


1 ml. resuspended large granules was layered over 4 ml. of hypertonic sucrose. Total amount 
of catechol amines present in each tube: 6720 ug 


Tube 
no. 1 no. 2 no. 3 
Layer (ug) (ug) 
Surface layer 165 264 240 
Upper sucrose layer 174 230 200 
Bo layer 156 500 4200 
Lower sucrose layer 264 600 1090 
t 5400 4350 330 
Total recovery 6159 5944 6060 


Taszz 5. Distribution of protein, catechol amines and ATP after centrifuging a suspension of 
the large granule fraction in 0-3m-sucrose over a 1-5m-sucrose solution: as recoveries % 


Catechol 
Volume Protein N amines ATP 
Surface layer 6-7 1 1 0-2 
Upper sucrose layer 11-4 5 2 0-1 
Boundary layer 8-0 17 4 2 
Lower sucrose layer 67-1 25 21 15 
Sediment 6-8 35 70 68 
Total recovery — 83 98 85-3 


recovered in the other layers. This is probably in excess of the true volume of 
the sediment, since some of the rather viscous fluid was lost in the pipettes 
when the layers were collected. The data given in Table 5 indicate that 
recoveries of protein nitrogen, catechol amines and ATP were satisfactory. 
About two-thirds of both ATP and catechol amines were recovered in the 
sediment, but only one-third of the total protein nitrogen was present in the 
sediment. In this experiment the ratio catechol amine: protein nitrogen was 
3-7. In the second experiment (not shown) the distribution of catechol amines 
and ATP was very similar, but more of the total protein nitrogen was re- 
covered in the sediment; the catechol amine:protein nitrogen ratio in the 
sediment was 1-6. However, in both experiments the catechol amine: protein 
ratio in the sediment was higher than in the combined boundary and lower 
sucrose layers, where it was 1-1 in both experiments. 

From the results given in Table 5 the molar ratio adrenaline: ATP in the 
sediment was calculated ; it was 12-0. In the second experiment it was 8-9. These 
ratios are similar to those found in the experiments of Table 2. | 
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DISCUSSION 


The experiments described show that ATP is an important and constant 
constituent of the adrenal medullary granules which are rich in catechol 
amines. Table 6 gives a survey of the ATP content of different tissues, some 
of which are known to be rich in ATP. The concentration in the granules of 
the bottom layer is of a different order of magnitude from that of any other 
structure hitherto isolated from living tissues. 

That the catechol amines are closely associated with the ATP in the granular 
fractions is made likely by a number of observations. First, the percentage 
distribution of both ATP and amines over top and bottom layers is very 
similar: and secondly, the same holds for the percentage release of both con- 
stituents in hypotonic media. Thirdly, in the centrifugations in 1-5 M-sucrose 
the catechol amines and ATP were similarly distributed over the different 
layers. 


Tasize 6. Concentration of ATP in cell constituents from different tissues 


ATP 

(pmole/g 
Species Tissue protein) Reference 
Rat Heart muscle sarcosomes 19 Slater & Holton (1953) 
Rat Liver mitochondria 23 Kielley & Kielley (1951) 
Rabbit Striated muscle (whole) 30 Born (unpublished) 
Rabbit Blood platelets 46 Born (unpublished) 
Cow medulla: ‘bottom’ granules 302. work 


Adenosinetriphosphate is an anion at pH 7-4; at this pH it carries three to 
four negative charges (Lohmann, 1932). In Tables 1 and 2, the molar ratio, 
‘adrenaline: ATP’ has been given; it can be seen that the charges on the 
ATP could neutralize about one-half of the amine molecules present in the 
granules of the bottom layer. Thus, if the amines are held in the granules by 
ionic forces, the ATP present could make an important contribution to the 
holding of the amines in the storage granules. In order to attribute to the 
ATP such a function it would be necessary to assume that in the intact 
granule ATP is held back, either by a membrane or by an association with 
a structural element. This is at present unknown. The interesting point that 
arises from these observations is the existence of a fairly constant ratio between 
stored amines and ATP; this would suggest that in the granules the latter is 
not primarily present, as it is elsewhere, as an energy donor. Such an inter- 
pretation would be in agreement with the observation that ATP is not easily 
destroyed in the granules. However, the fact that the catechol amine: ATP 
ratio in the low-speed supernatant, which contains the granular as well as the 
extra-granular amines, was lower than in the granule fraction, might be ex- 
plained by a process of destruction of ATP when adrenaline and noradrenaline 
are released. This point requires further investigation. 

36 
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The experiments in hypertonic media make it likely that the difference 
between ‘top’ and ‘bottom’ fraction is a difference in density: the granules of 
the bottom fraction sediment more readily in isotonic sucrose, because they 
have a higher density. In the hypertonic media the layer between the sedi- 
ment and the boundary region was opaque and contained amines as well as 
protein nitrogen. This suggests the possibility of a gradual transition between 
the granules of high and of low density. Another possibility is that the top 
layer contains its amines and ATP in an admixture of granules similar to those 
which sediment at the bottom. These possibilities have not yet been fully 
investigated. 

The methylation of noradrenaline by chromaffin tissue requires ATP 
(Biilbring, 1949). It is likely that in this process ATP serves as a donor of 
energy, and one would expect that catalytic amounts of ATP would suffice 
for this. The phenomenon encountered in the present work, the presence of 
ATP in stoichiometric amounts, is in our view connected with the main 
function of the chromaffin ccpsea the storage of adrenaline and noradrena- 
line in high concentration. 


SUMMARY 


1. The distribution of ATP and catechol amines in homogenates of the 
bovine adrenal medulla has been studied. 

2. The cytoplasmic granules of the ‘bottom’ layer, which are rich in 
catechol amines, were also rich in ATP; the granules of the ‘top’ layer, which 
contain less amine, were poorer in ATP. 

3. In hypotonic media the catechol amines and ATP were released in 
approximately equal proportions from the granules of the bottom layer. 

4. In 1-5M-sucrose centrifugation at high speed sedimented a granular 
fraction rich in both catechol amines and ATP; in a density gradient, these 
two constituents distributed themselves very similarly over the different 
layers. 

5. The molar ratio adrenaline: ATP has been calculated for many of these 
experiments; the mean value for this ratio was 6-7 in the bottom layer and 
9-8 in the top layer. 
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EXPERIMENTS ON THE FACTOR IN URINE FORMING 
SUBSTANCE U 


By W. T. BERALDO,* W. FELDBERG anp 8. M. HILTON 
From the National Institute for Medical Research, 
Mill Hill, London, N.W.7 


(Received 30 April 1956) 


A hypotensive and smooth muscle contracting substance, provisionally termed 
substance U, is formed on incubation of dog’s urine with dog’s serum (Beraldo, 
1952, 1955). The factor in urine which forms this substance is non-dialysable, 
thermolabile and precipitated by 80°% ethanol. Substance U itself is formed 
from the pseudoglobulin fraction of the plasma. 

There is a striking similarity between the factor in urine forming substance U 
and kallikrein, which according to Frey, Kraut & Schultz (1930) is a circulatory 
hormone of pancreatic origin which is eliminated in the urine. The question 
therefore arose whether the factor forming substance U is also of pancreatic 
origin. 

According to Frey et al. (1930) removal of the pancreas is followed within 
a few hours by a reduction of 85% in the kallikrein in urine; and this reduction 
persists for weeks after the operation. According to Werle (1955), however, 
the reduction does not occur during the first few hours after the operation and 
requires 1 or 2 weeks to develop. A reduction in the kallikrein content of urine 
was also found by Frey et al. (1930) to occur following occlusion of the pan- 
creatic blood vessels. On the other hand, when the circulation was re-established 
1-2 hr later, the kallikrein content of urine increased to about 3 times its 
original level. Frey et al. (1930) state further that injection of insulin into 
pancreatectomized dogs caused a gradual increase in the kallikrein content of 
urine, the pre-operation level being reached within 2 hr. 

The present experiments deal with the effect of exclusion of the pancreas 
either by occlusion of the pancreatic blood vessels, or by removal of the 
pancreas in acute and chronic experiments, on the output of the factor in urine 
forming substance U. The urinary output of this factor was also studied in the 


* British Council Scholar. Permanent address: Departmento de Fisiologia, Faculdade Medicina, 
Sao Paulo, Brazil. 
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heart-lung—kidney preparation, and, in order to gain information on its 
molecular size, its ability to pass through ultrafilters of different pore size was 
tested. 


METHODS 


The experiments were performed on dogs of both sexes anaesthetized with pentobarbitone 
(40 mg/kg) intraperitoneally. Both ureters were cannulated for urine collection, care being taken 
to prevent bleeding from the ureters during cannulation. All samples of urine were examined for 
traces of blood using the benzidine test before assay. In order to exclude the pancreatic circulation 
the pancreatic artery and vein were occluded with bulldog clamps. Pancreatectomy was carried 
out on dogs starved for 24 hr, water being supplied during this time ad lib. In one dog the 
pancreatectomy was carried out aseptically under pentobarbitone anaesthesia supplemented by 
ether, and the dog was kept alive for 11 weeks. The animal was housed in a metabolic cage from 
which the urine collection was made. Three 16 hr samples of urine were collected per week and 
assayed for the factor forming substance U. The diet consisted of meat, milk, bread, liver and 
yeast given in one daily meal, Water was supplied ad hd, Insulin (8-12 unite) was injected once 
a day after the meal. This combination gave a slight glycosuria and hyperinsulinism was avoided. 
Urinary glucose was determined by titration with Benedict’s quantitative reagent. 

Assay of urine, The urine was dialysed in cellophane tubes against about 200 times its volume 
of Tyrode solution at about - 4° C for 12-16 hr and then diluted to 20, 10 and 5% with Tyrode 
solution. When testing for the amount of the factor forming substance U, 0-5 ml. of this diluted 
urine was added to 0-5 ml. of a pseudoglobulin solution prepared as follows. Heparinized dog’s 
plasma was precipitated with 33 to 46% saturated ammonium sulphate. The precipitate was 
dialysed against tap water for 48 hr at room temperature and the dialysis was continued against 
Tyrode solution at about 4° C for 10-12 hr. After dialysis the pseudoglobulin solution was made 
up to the volume of plasma used. This solution was stored frozen in batches of 10 ml. at 
-~4°C, 

The mixture of diluted urine and pseudoglobulin solution was incubated at 38° C in haemolysis 
test tubes and samples of 0-1-0-2 ml., removed after 1, 4 or 7 min incubation, were at once tested 
on the atropinized guinea-pig’s ileum preparation suspended in 15 ml. of Tyrode solution. It was 
found that maximal smooth muscle contracting activity was usually obtained after 1 min incuba- 
tion and that the activity decreased when incubation was continued for more than 4 min. 0-2 ml. 
of the diluted urine or of the globulin solution, added separately to the bath, had no effect. The 
mixture of incubated urine and pseudoglobulin solution was kept in contact with the gut for 
1 min and assayed against known amounts of a standard preparation of bradykinin containing 
1 unit/mg. Tests could be made every 3 min. The factor forming substance U is thus estimated 
in vg of standard bradykinin. Examples of the results obtained in a typical experiment are shown 
in Fig. 1. 

When testing in this way for the factor in urine forming substance U account must be taken of 
the fact that the rate of formation and destruction of substance U depends to some extent on the 
concentration both of urine and of pseudoglobulin used for incubation. However, under the 
conditions of the present experiments the optimum period was always between 1 and 3 min. 
Further, the concentration of pseudoglobulin solution used in the present experiments was 
sufficient for 0-5 ml. of diluted urine, as was shown by the fact that incubation of the same 
amount of pseudoglobulin solution with more concentrated samples of urine regularly led to 
increased formation of substance U. 

Heart-tung-kidney preparation. The technique used was that described by Verney & Starling 
(1922). One dog was used for the heart-lung preparation, one dog as blood donor and one to supply 
the kidney. The blood removed from the donor was collected in heparin. The two other dogs were 
heparinized after the operative procedure was completed, but before the heart-lung preparation 
was established, and the kidney isolated and the two connected. | 
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- Ultrafiltration of urine. Ultrafiltrates of dialysed urine were obtained by positive high-pressure 
(nitrogen at 2 atm) filtration through calibrated collodion (‘Gradocol’) membranes (Elford, 1931) 
in Elford filters (Barnard & Elford, 1931). Ultrafilter membranes with average pore diameter 
ranging from 6 to 150 mp were used. 
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Fig. 1. Guinea-pig ileum suspended in 15 ml. Tyrode solution. Effect of standard bradykinin (B), 
pseudoglobulin solution (Ps), dialysed dog’s urine diluted 1:5 (U), and incubated mixtures 
of equal volumes of pseudoglobulin solution and of dialysed urine previously diluted 1:5 (M5), 
1:10 (M10) and 1:20 (M20). Incubation was for 1 min, except M* 20, which was incubated 
for 4 min. 


RESULTS 


Variation in output of the factor in urine forming substance U. In one and the 
same dog there were no great daily variations in the urinary output of the 
factor forming substance U. This is shown in Table 1 which gives the output 
obtained from samples of urine collected over a period of 16 hr on five suc- 
cessive days. However, the output varied from one dog to another as shown 
for samples collected from different dogs and tested in the same way 
(Table 2). 

Effect of arrest of pancreatic circulation. In three experiments the pancreatic 
vessels were occluded for 1-2 hr and were then released. Neither the occlusion 
of the vessels nor their subsequent release had any effect on the amount of the 
factor forming substance U excreted in urine. This is illustrated by the results 
of one of these experiments given in Table 3. 

Pancreatectomy. Four acute experiments were performed. There was no 
significant difference in the amount of substance U which was formed on 
incubation with pseudoglobulin of samples of urine collected before and 7-8 hr 
after pancreatectomy, the urine flow being kept nearly constant by intravenous 
injections of saline. When diuresis was provoked by increasing the volume of 
injected saline, the activity per ml. of urine decreased as the flow increased. 
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In these experiments urinary flow was increased about 4—6 times and the factor 
in urine was diluted to about the same extent: the output per unit time 
remained practically constant. 


Taste 1. Daily variation in the content of subst U-rel 
factor in urine, expressed in mg of bradykinin. Dog, eee 
Day mg/ml. mg/br 
1 5-7 13-7 
2 7-2 18-2 
3 5-0 120 
4 

5 6-0 (Bladder) — 


expressed in mg of bradykinin 
Dog Sex mg/ml. mg/br 

1 M. 6-0 18-0 
11-6 46-4 
2-0 

5 §6*F. 8-0 43-2 
6-0 42-0 


TaB_E 3. The effect of occlusion of the pancreatic vessels on the amount of factor in urine forming 
_ substance U (expressed as mg of bradykinin). Dog, 7 kg, male. 20-30 ml. saline were injected 
intravenously every 15 min 


Clamps on Clamps off 
‘ 
Control lhr 2hr Ilhr 2hr Shr 4hr Shr 6hr 
Substance U (mg/ml.) 67? 80 64 62 7 7 #62 64 60 


Substance U (mg/hr) 188 210 21-0 


The same result was obtained in the one dog kept alive for 11 weeks after 
removal of the pancreas. This is shown in Fig. 2. Urine samples collected 
before the operation, when incubated with pseudoglobulin solution, formed an 
amount of substance U equivalent to 2 mg of bradykinin per ml. of urine. 
This value did not decrease after the operation but, in fact, increased to 
35 mg/ml. in the course of the 11 post-operative weeks. The urine flow and 


glycosuria varied only within narrow limits by virtue of the daily injections 


of insulin. When these were discontinued for 5 days the urine flow increased 
4-5 times and the glycosuria 15 times; the output per ml. of urine of the factor 
forming substance U, however, did not decrease so that the total output 
actually increased several-fold. These results show that removal of the 
pancreas does not cause the disappearance or even the decrease in urine of the 
substance U forming factor. 

Heart-lung-kidney preparation. The factor forming substance U is also 
present in the urine obtained from a heart-lung-kidney preparation, as 


ing 
male 
TaBLe 2. Individual variation in the content of substance-U-releasing factor in urine, ; 
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illustrated in Fig. 3. The urine flow increased during the course of each experi- 
ment and the increase in volume of urine formed effected a corresponding 
dilution of the factor forming substance U. The amount of the factor excreted 
per minute showed only small fluctuation and was equivalent to 300-400. 
of bradykinin. This value is much lower than that found for the urine collected 
from the same kidney before it was removed from the dog and connected to 
the heart-lung preparation. This difference is as yet unexplained: it may be 
associated with a reduced blood flow through the kidney supplied by the 
heart-lung preparation, or may be due to the fact that, with this preparation, 
tubular function is impaired. 


° 


(ml,/min) 


Urine vol. 


(mg/mi.) 
o8 


Substance U Substance U Glucose 
(mg/mi.) 


(mg/min) 


Days after operation 
Fig. 2. Effect of removal of pancreas (at arrow) on urinary output of factor forming substance U 
in a dog. From above downwards: urine in ml./min; urinary glucose in mg/ml.; substance U 
(expressed as mg bradykinin) formed per ml. urine; output per min of factor in urine forming 
substance U (expressed as mg bradykinin). Time in days. Left of the arrow, control values. 
Cross-hatched areas: values obtained during temporary withdrawal of insulin. 


Ultrafiltration of urine. In preliminary experiments, in which the pH of 
dialysed urine was adjusted before filtration to between 6-8 and 7:8, it was 
found that the factor forming substance U passed through all membranes with 
an average pore diameter of 11 my or greater. In a final experiment dialysed 
urine was filtered through membranes with average pore diameters of 8, 7 and 
6 my. The results are given in Table 4. The first four figures of the right-hand 
column show the effect of pH on the amount of the factor forming substance U 
passing through 8 my membrane. The differences obtained at the pH values 
tested suggest that the factor is a protein with an iso-electric point close to 
pH 6. The fact that a membrane of pore diameter 6 mp just retains the factor 
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completely suggests that it has a molecular weight of the order of 40,000, since 
ovalbumin which has a similar molecular weight is also just retained by a 
6 mu membrane and passed by an 8 mp» membrane. As the threshold for 
glomerular filtration is between 67,500 and 68,000, these results show that the 
factor forming substance U may be filtered through the glomeruli, but at the 
same time they do not exclude the possibility that it is formed by the tubules. 


So 


Urine vol. (mi./min) 
a 
+ 


Substance U(mg/mi.) 


Substance U(mg/min) 


Time (min) 

Fig. 3. Heart-lung-kidney preparation (dog). From above downwards: urine in ml./min; 
substance U (expressed as mg bradykinin) formed per ml. urine; output per min of factor in 
urine forming substance U (expressed as mg bradykinin). Time in minutes. At the arrow, 
kidney isolated and attached to heart-lung preparation. 


TasiE 4. Ultrafiltration of dialysed urine, showing the percentage of the factor 
forming substance U appearing in the filtrate 


Average Percentage 
pore diameter 
of membrane (my) pH of urine passing membrane 
“9 


10 
05 
8 6-0 0-5 ’ 
7-0 7 
8 8-0 7 1 
7 7-0 0-2 
6 7-0 0 | 
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DISCUSSION 


The seein of the present experiments show that neither occlusion of the 
pancreatic vessels nor pancreatectomy decreases the output by the kidney of 
the factor forming substance U. Even 11 weeks after pancreatectomy the 
urinary output of this factor did not decrease, but actually increased. This is 
in contrast to the results obtained with pancreatectomy by Frey et al. (1930) 
on the output of kallikrein. However, neither Frey et al. (1930) nor Werle 
(1955) determined the activity of the factor (kallikrein) forming the smooth 
muscle stimulating substance (kallidin) directly, but simply injected crude 
extract of urine intravenously into dogs, and compared the depressor effect on 
the arterial blood pressure of the urine from normal and pancreatectomized 
dogs. It is conceivable that with this method there may be interference of the 
assay by other substances present in urine, such as isoamylamine and tyramine 
(Bain, 1909), 5-hydroxytryptamine (Twarog & Page, 1953), a slow contracting 
substance described by Gomes (1955), and when male urine was used, vesi- 
glandin (von Euler, 1934). In addition, posterior pituitary hormones are 
known to be excreted in urine. In the light of the present experiments, those 
of Frey et al. (1930) and of Werle (1955) should be repeated, testing the kalli- 
krein content of urine with methods which actually assay the activity of this 
kallidin-forming factor, before their conclusions can be accepted concerning 
the role of the pancreas as the site of origin of the kallikrein in urine. This is 
particularly pertinent in view of the likelihood that the factor forming sub- 
stance U is identical with kallikrein. 

The results obtained with the heart-lung-kidney preparation do not dis- 
tinguish between the possibilities that the factor in urine forming substance U 
is derived from the blood or from the kidney. If derived from the blood, it 
would appear likely that it is filtered in the glomeruli. The ultrafiltration 
_ experiments show that the factor is small enough for this to occur, and 
glomerular filtration of the factor could account for the finding that its 
concentration in urine varies inversely with the volume output. On the other 
hand, the kidney may be the site where the factor is produced without it 
necessarily being a product of tubular secretion. It is interesting in this 
connexion that Page (1955) and Prado & Prado (personal communication) 
found that, in some preparations of the polypeptide hypertensin (angiotonin) 
formed by incubation of kidney extract (renin) with pseudoglobulin, the active 
samples also contained a depressor component which may well be identical 
with substance U. 

SUMMARY 

1. One of us (W. T. B.) has previously shown that dog’s urine contains 
a factor which on incubation with pseudoglobulin forms a hypotensive and 
smooth muscle stimulating substance, provisionally termed substance U. The 
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present experiments show that, in one and the same dog, there are no great 
daily variations in the urinary output of the factor forming substance U; on 
the other hand, the output varies considerably from one dog to another. 

2. The factor in urine forming substance U may be identical with kallikrein, 
which forms kallidin from pseudoglobulin on incubation and which is claimed 
to be a cireulating hormone derived from the pancreas and excreted in the 
urine. The present experiments, however, show that the factor in urine forming 
substance U is not of pancreatic origin ; for exclusion of the pancreas either by 
occlusion of the pancreatic vessels or by pancreatectomy, in acute or chronic 
experiments, does not lead to the disappearance or to a diminution of the 
urinary output of the factor forming substance U. Further, the factor forming 
substance U is present in urine obtained from a heart-lung-kidney preparation. 

3. Ultrafiltration experiments with dog’s urine indicate that the molecular 
weight of the factor forming substance U is of the order of 40,000. 


We wish to thank Dr Jacobs of the National Institute for Medical Research for his help in 
carrying out the ultrafiltration; and Dr M. Rocha e Silva for kindly supplying the bradykinin. 
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CHOLINE ACETYLASE IN THE DEVELOPING NERVOUS 
SYSTEM OF THE RABBIT AND GUINEA-PIG 


By CATHERINE 0. HEBB 
From the A.R.C. Institute of Animal Physiology, Babraham, Cambridge 


(Received for publication 30 April 1956) 


Because of their probable importance for transmission at certain central 
synapses it is of interest to know at what stage in the development of the 
brain the enzymes which metabolize acetylcholine are formed. Studies of 
pre- and post-natal growth of cholinesterases in the brains of the rat, rabbit 
and guinea-pig have already been done by several workers (Kavaler & Kimel, 
1952; Himwich & Aprison 1955; Elkes & Todrick, 1955, who also cite important 
earlier references), but no one has yet plotted a growth-curve for choline 
acetylase. This enzyme is of special interest because in the adult it has a more 
limited distribution than true cholinesterase, with few exceptions being found 
only in conducting tissue, and its distribution is more closely correlated with 
the distribution of acetylcholine itself. The development of choline acetylase 
in the central nervous system may therefore be a more reliable guide to 
the development of cholinergic neurones than is the development of the 
cholinesterases. 
METHODS 


The rabbits and guinea-pigs were bred in small colonies (each of mixed strains) in the Institute 
Animal House. Prenatal age was reckoned from the time of mating, The does (or sows) were kept 
in a cage by themselves except for the day on which they were mated, When a pregnant animal 
was being used for experiment the choline acetylase of both the maternal and foetal brains was 
measured. The animals were killed by stunning and decapitation, and immediately afterwards the 
tissues were removed. Two parts of the brain have been routinely examined: (1) the cerebellum, 
and (2) the cerebrum. In a few experiments other parts of the brain, including the corpora 
quadrigemina, have been tested as well. The tissues were made into acetone powders which were 
later extracted and tested for choline acetylase activity according to a method fully described 
earlier (Hebb & Waites, 1956). The rate of synthesis of ACh by the tissue is expressed throughout 
as ug ACh/g acetone-dried tissue/hr. 


RESULTS 
Development of enzyme in the rabbit brain 
Cerebrum. The earliest date at which there was any evidence of choline 
acetylase activity in the rabbit brain was 18 days after mating; but the 
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amount of ACh synthesized that day or the day after was of the order of 
25 ug ACh/g acetone powder of brain/hr, a figure which with the method of 
experiment used was only just significant. At 20 days, however, the activity 
was over 150yug/g brain powder/hr, a value that was well above the level of 
significance. From this point on, as shown in Fig. 1, there was a steady and 
nearly linear increase of enzyme until 25-30 days after birth. The activity per 
g acetone-dried brain was then of the order of 4000ug ACh. Over the period 
50-100 days after birth there had been a further increase to between 5000 and 
6000 ug, values which were within the range observed in animals 6 months of 
age or older. 
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Fig. 1. Changes in choline acetylase activity of rabbit cerebrum and cerebellum during develop- 
ment. Ordinate: ug acetylcholine synthesized per hour by the amount of extract obtained 
from 1 g acetone powder of brain. Abscissa: age. The upper scale is days after mating; the 
lower days after birth. A change of scale is indicated by the vertical dotted lines. 


Cerebellum. The growth curve for choline acetylase in the cerebellum had 
a different shape. The enzyme was present in this part of the brain in a 
significant concentration at 21 days of gestation; it then climbed steadily to 
reach an activity about 60 times greater 14-16 days later. At this time, 
5-7 days after birth, the peak value for the whole growth period was reached. 
The values then fell sharply until 11-13 days later when they were only about 
one-third to one-half of the peak value. There then followed a very much 
slower decline to the adult level at which the rate of synthesis was between 
200 and 400 ug/g/hr. 
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Development of enzymes in the guinea-pig brain 
Cerebrum. In the guinea-pig cerebrum choline acetylase could be detected 
at 32 days of gestation. At this time the rate of synthesis of ACh was about 
125g/g/hr. Subsequently from this date the concentration of enzyme rose 
steadily until it reached a level, some 60 days after birth, which fell within the 
range recorded for adult animals (see Fig. 2). The two outstanding differences 
between these results and those obtained for the rabbit cerebrum were: first, 


pe /he 


Cerebrum 


70.80.90 100 120 140 
Age in days from mating 0 10 20 30 40 50 60 70 80 90 120 150 180 values 
Age in days from birth 
Fig. 2. Changes in choline acetylase activity of guinea-pig cerebrum and cerebellum during 
development. Ordinate and abscissa as in Fig. 1. 


that the earliest appearance of enzyme in the cerebrum occurred later in the 
gestation period of the guinea-pig; and secondly, that the increase in its 
concentration in the guinea-pig cerebrum was more nearly linear until the 
maximal or adult values had been reached. 

Cerebellum. The pre-natal cerebellar concentration of enzyme was not 
studied in detail in the guinea-pig. The main points to be noticed from the 
graph of the results shown in Fig. 2 are that in this species as in the rabbit the 
concentration is highest in the early stages of development; the peak is 
reached before birth, some time after 45 days of gestation and probably before 
55 days, while the adult level is reached some 15 days after birth. 

In a few animals of both species the corpora quadrigemina were also removed 
and tested to determine their choline acetylase concentration. The data were 
insufficient to construct a curve; but were sufficient to show that the con- 
centration of choline acetylase in this part of the brain before birth and just 
after birth was much lower (about one half to one third) than the values 
observed for adult brains which synthesized between 1600 and 1800g/g/hr. 
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DISCUSSION 


The concentration of choline acetylase in the cerebrum of adult rabbits is 
about the same as its concentration in the guinea-pig cerebrum. It might 
therefore be expected that the rate of development of the enzyme in the brains 
of the two species would follow the same time-course. However, the gestation 
period of the guinea-pig is more than twice as long as the gestation period of 
the rabbit, and this presumably determines the observed differences in the 
growth curves of the enzyme. Although at birth its concentration in the 
guinea-pig cerebrum is twice its concentration in the rabbit cerebrum, never- 
theless the adult concentration of both cerebrum and cerebellum is attained 
more quickly in the rabbit if age is reckoned from the beginning of gestation 
irrespective of the date of birth. 3 

It has been noted by other workers that the concentration of cholinesterase 
in the cerebellum and other parts of the hind-brain reaches an early maximum 
which is well above the adult concentration (Himwich & Aprison, 1954; 
Elkes & Todrick, 1955). Choline acetylase in the cerebellum also shows an 
early maximum, and its growth curve in this and other respects is in general 
similar to that of true cholinesterase. This is not necessarily to be expected 
since the cerebellum provides one of the rare instances in the adult nervous 
system in which a high concentration of true cholinesterase is associated with 
a low concentration of choline acetylase. It appears that this is due to the fact 
that the glial tissue of the cerebellum is rich in both types of cholinesterase 
(unpublished histochemical observations), but probably contains little or no 
choline acetylase. Thus any curve for cholinesterase changes in the cerebellum 
reflects a large contribution from the glial tissue as well as from true nervous 
tissue; while a similar curve for choline acetylase reflects only the contribution 
from nervous tissue. The early peak in the cholinesterase growth curve there- 
fore suggests that the maximum growth periods of cholinergic neurones and of 
glial cells containing cholinesterase coincide. If this is so one might also 
expect to see an early but smaller peak in pseudo-cholinesterase since this 
enzyme, which is present only in the supporting tissue of the nervous system, 
would be a measure of the development of glial cells alone. Elkes & Todrick’s 
(1955) data for the pseudo-cholinesterase of the growing rat cerebellum do in 
fact support this suggestion. 

The growth curves for choline acetylase conceutration in the cerebrum and 
cerebellum represent an over-all average for different rates of development of 
enzyme in the constituent parts of these organs. For example, the adult 
caudate nucleus contains ten times as much as parts of the adult thalamus. 
It follows that the curves for the development of choline acetylase in these 
two areas of brain will differ. It may well be therefore that when the whole 
cerebrum is sampled the possibly more dramatic changes in parts which are to 
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attain a high enzyme concentration in the adult will be masked or blurred by 
slower changes elsewhere. It would be desirable then to follow foetal develop- 
ment of enzyme in more restricted areas of the brain; this has not as yet been 
done owing to the difficulty of obtaining accurate measurements of choline 
acetylase in such small amounts of tissue as would be available. 


SUMMARY 


1. Choline acetylase can be detected in the rabbit cerebrum between 18 and 
20 days, and in the guinea-pig cerebrum at 32 days of gestation. 
2. In the rabbit about one quarter and in the guinea-pig between one 
third and one half of the adult enzyme concentration is present at birth. 

3. Counting from the beginning of gestation the development of the enzyme 
proceeds more rapidly in the rabbit than it does in the guinea-pig. 

4. In both species there is an early rise in the concentration of choline 
acetylase in the cerebellum to a peak value considerably in excess of its 
concentration in the adult cerebellum. 


These experiments have been carried out with assistance from Mr G. Bull and Miss Mary 
Lawes whose help I am glad to acknowledge. For some of the early experiments part of the 
expenses were defrayed by a grant from the Royal Society. 
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THE QUANTAL COMPONENTS OF THE MAMMALIAN 
END-PLATE POTENTIAL 


By A. W. LILEY 


From the Department of Physiology, Australian National University, 
Canberra, Australia A 


(Received 8 May 1956) 


The occurrence of spontaneous subthreshold activity at the neuromuscular 
junction of the albino rat has been described in a previous paper (Liley, 1956). 
In the present paper a further study is made of this phenomenon, particularly 
of the relationship between the spontaneous miniature potentials and the 
end-plate potential (e.p.p.) involved in normal neuromuscular transmission 
in the mammal. 

Recently Boyd & Martin (1955) have demonstrated the quantal nature of 
the e.p.p. in the cat tenuissimus muscle. In the present paper evidence is 
produced to show that the e.p.p. in the rat is also composed of summated 
miniature potentials and in the light of this finding a further investigation has 
been made into the phenomenon of facilitation at the mammalian neuro- 
muscular junction (Hutter, 1952; Liley & North, 1953; Lundberg & Quilisch, 


1953, 6). 
METHODS 

Details of the preparation, apparatus and technique of intracellular recording employed have been 
described in @ previous paper (Liley, 1956). The concentrations of CaCl, and MgCl, in the bathing 
solution were adjusted as indicated in the text. The resulting small changes in the tonicity of the 
solution were unimportant in the present work. The use of anticholinesterases to increase the 
amplitude of the potentials was deemed inadvisable in view of the low threshold for propagated 
responses encountered in rat muscle fibres. In many fibres action potentials were initiated by 
e.p.p.’s of 6-8 mV, a value which agrees with the figures of Lundberg & Quilisch (19534). Direct 
electrical stimulation by current pulses through one barrel of a double microelectrode confirmed 
this low threshold. 

The method of recording series of spontaneous potentials and e.p.p. responses was essentially 
similar to that described by del Castillo & Katz (1954). The parameters of the stimuli, both single 
and repetitive, were electronically controlled. In particular all stimuli of a tetanus were of equal 
strength. Supramaximal stimulation was used in all experiments. 

In the majority of experiments, particularly those involving responses of very low quantal 
content and therefore frequent failure of response, junctions were selected at which the spontaneous 
miniature potentials were of low resting frequency. This was necessary in order to avoid confusion 
between small responses and spontaneous potentials. However, for the purpose of obtaining 
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illustrations, a few experiments were done on junctions with a miniature discharge of higher 
frequency, and, further, in selecting a section of a series for reproduction, favour was given to 
a section containing nuruerous miniature potentials. Hence it will be understood that in the series 
of miniature potentials reproduced in order to indicate the amplitude of the unitary discharges 
(Figs. 1, 5), the apparent frequency is higher than that for most of the record and much higher 
than that normally tolerated in similar experiments. Nerve block would be characterized by 
a progressive deterioration of response and by an independence of initial response size but it was 
not encountered as a spurious source of failures of response. 


RESULTS 
Quantal nature of the end-plate potential 

When the calcium content (normal value 2 mm) of the solution was reduced 
to 0-5 mm or the magnesium content (normal value 1 mm) was increased to 
6-8 mM, it was observed on indirect stimulation that the propagated action 
potential of an impaled muscle fibre intermittently failed, leaving merely an 
e.p.p. of some 6-10 mV. Upon further reduction in calcium or increase in 
magnesium concentration the e.p.p. became smaller. Simultaneously fluctua- 
tions in the e.p.p. amplitude occurred and intermittently there was complete 
failure of any response to indirect stimulation (Fig. 1A, B). The fluctuations 
appeared to occur in discrete steps each approximately equal to the amplitude 
of the concomitant miniature discharge. 

This observation suggests that the e.p.p. in calcium-deficient or magnesium- 
enriched solutions arises by the synchronous discharge of a small number of 
quanta of transmitter, each being equivalent to the quantum involved in the 
production of a miniature potential. Thus the e.p.p. would consist of summated 
miniature potentials. This hypothesis, previously advanced for the frog (Fatt & 
Katz, 1952; del Castillo & Katz, 19545) and the cat (Boyd & Martin, 1955), is 
supported by observations of the effect of low temperatures on the e.p.p. 
response in magnesium-enriched solutions (Fig. 1C, D). At 22° C the fluctua- 
tions in e.p.p. amplitude still occurred, but in addition the rising phases of the 
responses frequently exhibited one or more inflexions. In a number of instances 
these steps corresponded in amplitude to the concomitant miniature potentials. 
As in the frog (del Castillo, 1955) it would appear that the reduction in the 
temperature had sufficiently slowed the activation of the nerve terminal to 
produce a temporal dispersion of the quantal components of the e.p.p. 

The membrane potential of muscle fibres was not significantly affected by 
the changes in calcium or magnesium concentrations that induced these 
alterations in the e.p.p. pattern (Table 1). Further, at these concentrations 
there was no significant change in the mean frequency of the miniature 
potentials although, for example, their amplitudes in 12 mm magnesium were 
reduced to about 60% of the values recorded in normal solutions. However 


this reduction was of a much smaller order than that of the e.p.p. at a similar 
concentration of magnesium. 
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It would seem reasonable to infer that the e.p.p. under normal conditions. 
also consists of summated miniature potentials, and, on this assumption, an 
attempt may be made to derive an approximate value for the quantal content 
of a normal e.p.p. Unfortunately in the rat no accurate estimate of the 
amplitude of the ‘normal’ e.p.p. can be made. In contradistinction to the frog, 
the rising phase of the action potential recorded at the myoneural junction 
shows no obvious inflexion even when examined with an_ electronic 
differentiator. 


A 


Fig. 1. Intracellular recordings of fluctuations in e.p.p. response at junctions treated with Ca 1 mm, 
Mg 6 mm. A: spontaneous miniature potentials. B: (same fibre as A) e.p.p. responses; note 
scattered spontaneous potentials on records, also intermittent failure of response and at the 
sites of such failures small extrinsic potentials from activity at junctions in adjacent fibres. 
Temp. 38° C. 0, D: corresponding records at 22° C. Note increased latency of response and 
increased duration of miniature potentials and responses at the lower temperature; note also 
inflexions on rising phases of responses. In all records gaps on traces indicate 10 msec 
calibration. 


Tasie 1. Muscle membrane potentials 


Solution enriched 
Normal solution with 12 mm-Mg Normal solution 
Number of fibres 20 19 ll 
Mean membrane potential, mV 73-1 70 73-4 
Standard deviation, mV 6-1 9-1 3 


37-2 


38°C 22°C 


574 A. W. LILEY 


However, when prolonged repetitive stimulation at 50 impulses/sec has 
brought about impending failure of neuromuscular transmission, an e.p.p. step 
does appear on the rising phase of the junctional record. With action potentials 
of normal amplitude (80-100 mV) this step varied from 20 to 40 mV in different 
fibres when first observable. Greater reliance may be placed on the larger 
values of this range for they illustrate the situation when the intracellular 
electrode is accurately located at the junctional region. Experiments on 
curarized muscle fibres of the rat diaphragm have indicated that the e.p.p. 
decreases to 1/e in about 200, (Liley, unpublished observations). 

Thus from the value of 40 mV for the step at junctions partially fatigued by 
a tetanus it would appear likely that the amplitude of the e.p.p. under normal 
conditions is of the order of at least 50 mV and possibly larger. Now, if such 
an ¢€.p.p. consists of summated miniature potentials each of the order of | mV, 
the minimal quantal content must be 50. Certainly the number must be 
larger, for as pointed out by del Castillo & Katz (19545) large numbers of 
miniature potentials would not sum linearly, since successive quanta of trans- 
mitter contribute smaller potential increments. Hence it may be deduced that 
the normal e.p.p. would involve the simultaneous discharge of probably some 
80-100 miniature potentials at least, and the maximal number of quanta 
which could contribute to a response may be even larger. 

However, the observation of apparent quantal fluctuation of the e.p.p. in 
calcium-deficient or magnesium-enriched solutions is not in itself sufficient 
evidence to justify the hypothesis that the e.p.p. consists of summated mini- 
ature potentials. A statistical analysis is necessary in order to exclude the 
alternative possibilities, either that the fluctuations indicate a continuously 
variable release of transmitter, or that the discharged quanta have a variety 
of amplitudes. 

The method of analysis employed has been explained fully by del Castillo & 
Katz (19545), but the salient principles may be briefly recapitulated. Let us 
assume that a nerve terminal contains a population of n units of transmitter 
capable of release by an impulse, These units need not have a uniform prob- 
ability of release but it is assumed that the probability for any given unit 
remains constant. Hence, if p is the average probability of release by an 
impulse, the number, m, of quanta comprising an e.p.p. is given by m=np. 

In normal solutions } may be assumed to be large, which signifies that a 
considerable proportion of the quantal population is liberated by an impulse, 
because there is evidence that some 45% of the free acetylcholine present in 
the rat phrenic nerve terminals may be discharged by a single volley (Liley 
& North, 1953). However in calcium-deficient and/or magnesium-enriched 
solutions the small size and intermittent failure of the e.p.p. indicate a drastic 
reduction of the chances of any given unit discharging. Effectively the prob- 
ability of response of any quantal unit would appear to be at most some few 
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per cent. of the value pertaining in normal solutions. Under such conditions, 
where p is very small, the relative frequencies with which, in a large series of 
observations, an e.p.p. contains z(=0, 1, 2, 3, etc.) units should be distributed 
according to the Poisson expansion e~"m*/z! The parameter, m, of the Poisson 
series here represents the mean unit content of the e.p.p. On the basis of the 
hypothesis that the e.p.p. consists of summated synchronous miniature 
potentials it may be defined as 


mean amplitude of e.p.p. response 


m= mean amplitude of miniature potentials (1) 
° 
°° 
‘ ° 
5 
&/o 
0 1 2 3 4 


mean €.p.p. response 
mean miniature potential 
Fig .2. The results of twenty-six experiments in which the values of m determined respectively by 
equations (1) (abscissa) and (2) (ordinate) were compared (see text). The line at 45° signifies 
equality of these two estimates of m. 


Implicit in this relation is the assumption of linear summation of the miniature 
potentials, which is justifiable only if the response is so small that it does not 
displace the membrane potential significantly towards the equilibrium potential 
for the e.p.p. (del Castillo & Katz, 19545). By substitution of the above value 
of m in the first term of the Poisson series, exp (—m), we may calculate the 
expected proportion of failures to a series of nerve impulses and hence com- 
pare this value with the observed proportion. 

More conveniently, however, from the observed proportion of failures we 
may calculate, on the assumption of a Poisson distribution, a value for m 
independent of equation (1), since the first term of the Poisson series may be 


 Tecast as 


number of nerve impulses 
number of failures of e.p.p. response’ 


m =log, 
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Equality of these two estimates of m would confirm the validity of our 
assumptions. 

Fig. 2 illustrates the results of twenty-six experiments in which this test 
was applied and shows that the two estimates of m are approximately equal. 
In practice a complication frequently arose in that the microelectrode detected 
a variable extrinsic potential due to synchronous activity at the junctions of 
closely adjacent fibres (see Fig. 1B, records 2 and 6; also Fatt & Katz, 1951; 
Easton, 1955). Not infrequently the amplitude of these extrinsic potentials 
was some 5 or 10% of the response observed at the impaled junction. 
Apparently in such cases the responses at adjacent junctions were much larger 
than those in the fibre under observation. Since these extrinsic potentials were 
of the opposite polarity to the e.p.p.’s recorded in the impaled fibre, the 
practice of measuring the amplitude of responses from the base line immediately 
preceding the response would lead to an underestimate of the mean e.p.p. 
response. On the other hand, the measurement of the mean amplitude of the 
miniature potentials was not compromised by this factor and hence the value 
of m derived by equation (1) would be an underestimate. It is likely that this 
complication could account for the small deviation from predicted equality 
that is observed in Fig. 2. 

Essentially the preceding analysis is equivalent to the prediction of the 
number of failures of response to a series of impulses from the mean quantal 
content of the responses. However, if our assumptions are correct, it should be 
possible to predict not only the number of failures in a series but also the 
entire distribution of amplitudes of the responses. Fig. 3 illustrates an experi- 
ment in which this prediction was attempted. The value of m, determined by 
equation (1), was used to calculate the successive terms of the Poisson series. 
The first term of the series (giving the predicted number of failures) agreed 
exactly with the observed value but in distributing the remaining terms it was 
necessary to allow for the scatter of amplitudes of the ‘unitary’ spontaneous 
potentials (Fig. 3 inset). This was done by calculating the normal curve which 
would correspond to the miniature potential histogram and using z times the 
mean and variance of this curve in distributing the remaining Poisson terms. 
The distributed curves were then summed to give the theoretical distribution 
of Fig. 3. The general form of this curve agrees reasonably with the observed 
histogram. The discrepancies between the observed and calculated peak 
positions would disappear if the mean amplitude of the spontaneous potentials, 
had, in fact, been underestimated by 50u.V. Such an error in measurement is 
possible with the photographed base line thickened by unresolved high- 
frequency noise (del Castillo & Katz, 1954a). 

A further test of our hypothesis arises from the fact that the coefficient of 
variation of a population obeying a Poisson distribution is given by m~°”. 
Fig. 4 illustrates the results obtained in twenty-four experiments in which the 
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(mV) 
Fig. 3. Histograms showing distribution of amplitudes of miniat tentials ande 
at a junction treated with 12-5 mm-Mg. The continuous curve in the e.p.p. cenalatianaieas 
has been calculated on the hypothesis that the responses are built up in a statistically predict- 
able manner of units whose mean size and amplitude distribution are represented by the 
miniature potentials. Predicted number of failures indicated by an arrow (see text). 


: 
0-1 05 1 5 10 20 
mean €.p.p. response 


mean miniature potential 

Fig. 4. Relation between coefficient of variation (=s.D./mean) of e.p.p. response and nominal 
value of m in twenty-four experiments. Bars have been placed at + 2 8.x. of coefficient of 
variation. Full line indicates the theoretical relation for Poisson distributions (see text). 
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coefficients of variation of the e.p.p. amplitudes were compared with the 
predicted coefficients m-°*. Again there is good agreement with prediction. 
Thus both types of experimental test have provided strong support for the 
initial hypothesis and the assumptions implicit in it—that is, that (a) neuro- 
muscular transmission is a quantal process involving the release of units of 
transmitters whose sizes are indicated by the spontaneous miniature potentials, 
(6) for a response of low quantal content the precise number of contributing 
quanta varies in a statistically predictable manner, and (c) small numbers of 
miniature potentials sum linearly. 


Facilitation at the mammalian neuromuscular junction 


At a junction at which transmission has been blocked by low calcium or high 
magnesium concentrations the pattern of response evoked by indirect tetanic 
stimulation (Fig. 5B) differed strikingly from the record obtained in a 
curarized preparation (Fig. 5C). In the curarized preparation the e.p.p.’s of 
a tetanus exponentially declined to a plateau (Liley & North, 1953), whereas 
at magnesium-treated or calcium-deficient junctions the successive responses 
while still fluctuating tended to be larger. Although discernible at frequencies 
of stimulation as low as 10/sec this effect was much more obvious at higher 
frequencies. Hence it appears that under these conditions some form of 
potentiation or facilitation is occurring, which is maximal immediately 
following the arrival of an impulse at the terminals and which persists for some 
100 msec at least. 

Such a potentiation of response could arise by any one or more of three 
mechanisms: (a) an increase in the sensitivity of the muscle junctional 
membrane to the transmitter; (b) an increase in the number of quanta of 
transmitter liberated ; or (c) an increase in the molecular content of the quanta. 
The first and third mechanisms may be dismissed on the evidence that spon- 
taneous potentials occurring in the course of a tetanus, or immediately after 
it (e.g. Fig. 5B, records 3, 5 and 6) show no significant change in amplitude 
from those discharging pretetanically. 

A more precise discrimination is provided by statistical analysis. Essentially 
this analysis was the same as that employed in the preceding section. Increase 
in the number of quanta liberated (mechanism (b)) leads to the expectation 
that in a large series of tetani the proportion of failures of response to each 
succeeding stimulus will decrease in a predictable manner. On the other hand, 
according to mechanisms (a) or (c), alteration respectively in the effect or size 
of the quanta but no change in the probability of their release, it may be 
predicted that the proportion of failures remains constant, and hence that 
the two values of m derived respectively from equations (1) and (2) of the 
preceding section should diverge progressively. 
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poe AN 
Fig. 5. Intracellular recordings of pattern of response to tetanic stimulation in 10 mm-Mg. 
A: miniature potentials. B: (same fibres as A) tetani of frequency 160/sec. C: extracellular 


record of a tetanus of frequency 180/sec in a curarized preparation with normal Ca and Mg 
concentrations. 
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Fig. 6. Comparison of the values of m derived from equations (1) and (2) for the corre- 
sponding impulses in a series of 100 brief tetani. Mg 12-5 mm. 
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In practice in all of nine experiments a progressive decrease in the proportion 
of failures during a tetanus was observed. Hence for analysis it was desirable 
to select a junction showing a high proportion of failures to a single stimulus. 
Fig. 6 illustrates the results obtained at such a junction when 100 brief tetani 
were recorded. For the corresponding responses, the values of m from 
equations (1) and (2) were derived. The coincident progressive increases in 
these independent determinations of m indicate that the potentiation of 
response arises simply by the liberation of more quanta of transmitter. 


10 sec 


14 see 


Fig. 7. Pattern of response to a prolonged tetanus of frequency 200/sec: Ca 0-5 mm, Mg 8 mu; 
intracellular recording. First record shows responses at start of tetanus. Remaining records 
commence at indicated time after start of tetanus. Gaps on records at 100 msec. 


This rise in the probability of release of the quanta did not develop linearly 
throughout the duration of a tetanus. As shown in Fig. 6, the potentiation 
increased rapidly over the first few responses and then more slowly. This slower 
increment continued for a considerable time. Thus at a frequency of 
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200 impulses/sec some 6-10 sec were required for the fluctuating responses to 
reach a steady mean amplitude (Fig. 7). Following a tetanus the responses to 
single test stimuli showed a marked potentiation (Fig. 8). Since the responses 
were still fluctuating, the time-course of this potentiation was studied by 
averaging serial test responses over short intervals. By this analysis it was 


Fig. 8. Effect of tetanic stimulation on frequency of miniature potential discharge and amplitude 
of e.p.p. responses; Ca concentration normal, Mg 12 mm: intracellular recording. A, control 
records, B, beginning and end of a 15 sec tetanus of frequency 200/sec. C, records at 0-75 
and 1-75 sec after tetanus. D, 18—22 sec; Z, 4 min; F, 8 min after tetanus. In pre- and post- 
tetanic records the test stimulus occurred immediately after the first timer gap (indicated by 
arrows). Timer gaps indicate 100 msec. The apparent increase in the amplitude of the spon- 
taneous potentials immediately after the tetanus is due to numerous ‘coincidences’ of dis- 
charge of the miniature potentials at high frequency. 


found that, although the decline from the mean response amplitude attained 
over the final stages of a tetanus was initially rapid, return to the control level 
of response was protracted (Fig. 9B, 10B, D). Further, the total duration of 
the potentiation was dependent on the duration of the tetanus. 

Concomitant with this post-tetanic potentiation of the response to indirect 
stimulation there was an increase in the frequency of the spontaneous minia- 
ture potentials (Fig. 8C-F). This effect, previously observed at junctions in 
normal solutions (Liley, 1956) appeared to be unaffected by changes in calcium 
and magnesium concentrations. The time-course of this change in frequency 
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Fig. 9. A: effect of a tetanus on frequency of miniature discharge. Mg 12 mm. Tetanus of duration 


17 sec and frequency 200/sec indicated by black rectangle on abscissa. Ordinate: ratio of 
post-tetanic frequency to control frequency. Width of bar representing control frequency 
(absolute value = 1-4/sec) indicates + 2 8.2. of mean frequency as determined by serial 10 sec 
counts. After the tetanus the length of the bars indicates the interval over which the frequency 
was determined except where adjacent bars are obviously collinear. Immediate post-tetanic 
value of frequency (Ok sec) cineled for clarity. B: effect of a tetanus on mean amplitude of 
e.p.p. resp usly with A. Ordinate, ratio of post-tetanic e.p.p. response 
amplitude to control response amplitude. The pattern of the conditioning tetanus itself is 
indicated in the same convention. Width of bar representing control response amplitude 
indicates + 28.8. of mean response amplitude as determined by measurements of responses 0 
serial groups of ten. Stimuli applied at 1 sec intervals. After the tetanus the length of the 
bars indicates the interval over which the response amplitude was determined except where 
adjacent bars are obviously collinear. Initial post-tetanic value of response amplitude (mean 
of responses at 0-25 and 1-25 sec) circled for clarity. Common (abscissal) time scale begins at 
end of the tetanus. 
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closely paralleled that of the facilitation of response (Fig. 9A, 10A, C), 
although the proportional increase in the discharge frequency was some two 
to three times greater than the change in response amplitude. 
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Fig. 10 A, B. Effect of a tetanus (of duration 5 sec and frequency 200/sec) on frequency of minia- 
ture potentials and mean amplitude of e,p.p. responses respectively. Mg 12 mm. In A control 
frequency of miniature discharge was 2-1/sec. Conventions of symbols and axes in A and B 
are identical with those of Fig. 9A and B respectively. C and D: respectively as A and B 
except tetanus duration 0-5 sec and frequency 200/sec. Mg 12mm. Control frequency of 
miniature potentials in C was 0-7/sec. 


DISCUSSION 
The hypothesis that the spontaneous miniature potentials represent the units 
of transmitter activity and that the e.p.p. consists of a summation of such 
units has been tested at the amphibian myoneural junction (del Castillo & 
Katz, 19546) and more recently in a mammalian tissue (Boyd & Martin, 1955). 
The present investigation indicates that the neuromuscular junction of the 
rat also conforms to this pattern of activity. Strictly speaking, all the experi- 
mental evidence supporting the hypothesis has been obtained at concentrations 
of calcium and/or magnesium far removed from values considered normal, 
although recently Martin (1955) has extended investigations into a range of 
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concentrations nearer normal values. In so far as it affects the release of 
acetylcholine, the action of magnesium may be considered as due to a simple 
displacement of calcium from some essential process (del Castillo & Engbaek, 
1954; del Castillo & Katz, 1954a). However, the precise nature of this inter- 
mediate process in which calcium is involved remains obscure. Nevertheless, 
the continuous relation pertaining between acetylcholine output and calcium 
concentration (del Castillo & Stark, 1952) justifies the application of the 
hypothesis to the behaviour of the junction in normal solutions where it is 
no longer possible to apply the statistical methods which support the hypo- 
thesis in calcium deficient media. 

Recent independent investigations of the changes induced in mammalian 
neuromuscular transmission by conditioning indirect stimulation have pro- 
duced results in close agreement. Hutter (1952) and Liley & North (1953) 
demonstrated a post-tetanic potentiation of e.p.p.’s in curarized mammalian 
muscles, and in both investigations it was concluded that this effect was pro- 
duced presynaptically, i.e. that there was a temporary post-tetanic increase 
in the amount of acetylcholine liberated by a volley. Liley & North (1953) 
also observed that a single conditioning volley was followed by an early brief 
(200-300 msec) phase of potentiation superimposed on the prolonged (5-8 sec) 
depression of transmission. This finding was confirmed by Lundberg & 
Quilisch (1953a). Hence, although a single volley may be considered as a 
limiting form of a tetanus, it would seem reasonable to replace the term ‘ post- 
tetanic potentiation’ (P.T.P.) by ‘post-activation potentiation’ (P.a.p.). This 
latter expression will therefore be used in further discussion. 

Liley & North (1953) introduced the concept of the ‘release factor’ or 
fraction of ‘free acetylcholine’ present in the nerve terminals which is liberated 
by a single impulse. From an analysis of the changes which a conditioning 
tetanus evokes in the pattern of a brief test tetanus they deduced that the 
p.A.P. of the e.p.p. resulted, not from an increased concentration of transmitter 
in the terminals following activity, but from an increase in the fraction of 
transmitter released. This increase in the release factor was maximal immedi- 
ately after the conditioning activity. Hence it was concluded that the serial 
decline in responses during a tetanus and the depression of response following 
a single volley indicated a depletion of the store of ‘free’ transmitter. The 
transmitter concentration and the release factor recovered to their normal 
values with different time-courses: only after a considerable number of 
impulses was the increase in release factor great enough to outlast the 
depressed concentration of free transmitter and so to produce an absolute 
potentiation of response. Lundberg & Quilisch (1953a) also postulated a 
‘mixture of potentiation and depression’ to explain their observations with 
intracellular electrodes in curarized rat diaphragm. It is therefore of interest 
to test this interpretation at single junctions in a calcium deficient and/or 
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magnesium-enriched solution, because, provided that cholineacetylase activity 
is little altered in such a solution, the small number of quanta liberated by an 
impulse should not significantly deplete the concentration of transmitter in 
the terminals. 

The present results indicate that at the mammalian junction, as in the frog 
(del Castillo & Katz, 1954c), facilitation is a quantal process involving the 
progressive recruitment of responding miniature units. Hence the ‘release 
factor’ is related to the mean probability of response of the miniature units. 
Further, the results (Figs. 8, 9A, 104A, C) show that, with responses of low 
quantal content, the P.a.P. of response is maximal immediately after the 
conditioning activity. This observation supports the view that the initial 
depression following activity in a curarized preparation in normal solutions 
results from a reduction in the concentration of transmitter in the terminals. 

The post-activation increase in the frequency of the spontaneous miniature 
potentials, previously observed at junctions in normal solutions, is now shown 
to be unaffected by changes in calcium concentration. Since this post-activa- 
tion potentiation of discharge frequency runs a time-course paralleling the 
p.A.P. of response, there is good ground for postulating a common causation. 
The observation that the mean probability of the quanta discharging spon- 
taneously is increased by a greater (by 2 or 3 times) factor than the mean 
probability of their discharge by an impulse does not militate against this idea, 
for the probabilities of these distinct events are not normally directly related. 
For example, a response of large quantal content is not necessarily associated 
with a high resting discharge frequency and, similarly, small responses are not 
invariably observed at junctions with a low discharge frequency. 

The observation that the order of the p.a.p. of discharge frequency is 
independent of calcium concentration is rather unexpected. It is reasonable 
to assume that the frequency of the miniature potentials would be determined 
by two factors: (a) the total number of available quanta; and (b) the mean 
probability of their spontaneous discharge. In normal solutions the immediate 
P.A.P. of discharge frequency may still be explained, despite a gross reduction 
in the number of available quanta, provided the mean probability of the 
spontaneous discharge of the remaining available quanta is increased suf- 
ficiently. However, in calcium-deficient solutions, where the initial depletion 
of quanta must be largely obviated, a much greater order of P.a.P. of discharge 
frequency would be predicted. But no such change in the order has been 
observed. There does not appear to be any simple explanation of this anomaly. 

The maximum p.a.P. of the e.p.p. which can be evoked in curarized 
maminalian muscle is of the order of 200-250 °/, (Hutter, 1952; Liley & North, 
1953; Liley, 1956). The work of Martin (1955) indicates that for the small 
displacement of muscle membrane potentials occasioned by the e.p.p. in the 
presence of curare, linear summation of the constituent units may be assumed. 
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Hence a potentiation of an e.p.p. by 200-250 % represents an increase in the 
number of units discharging by a factor of 2 to 2-5. This value falls far short 
of the potentiation which may be elicited in calcium-deficient solutions, for 
example an increase in the mean response by a factor of 12-6 after 3400 impulses 
(Fig. 9). However this discrepancy is readily explained. 

First, in normal solutions, after a tetanus of the order of 3000 impulses, 
the increase in the release factor cannot, for several seconds, out-weigh the 
gross depletion of available quanta in a terminal. Hence potentiation is 
not maximal until some 10-20 sec after the tetanus, by which time the in- 
crease in the release factor has declined considerably from its initial maximal 
value. Secondly, it is important to consider the mean probability of the 
quanta contributing to a response in normal solutions. A release factor of 
0-45 for the rat nerve terminals (Liley & North, 1953) means that no process 
of facilitation can increase it by more than 2-2-5 times. On the other hand, in 
calcium-deficient solutions the small mean probability of the quanta con- 
tributing to a response gives adequate scope for the exhibition of a facilitatory 
process. 

SUMMARY 

1. By intracellular recording at the neuromuscular junction of the rat a 
study has been made of the relation between the spontaneous miniature 
potentials and the end-plate potential. 

2. The miniature potentials represent the units or quanta of transmitter 
activity. The e.p.p. consists of a synchronous discharge of such quanta. 

3. In calcium-deficient and/or magnesium-enriched solutions the quantal 
content of the e.p.p. is greatly reduced, the actual number of quanta liberated 
fluctuating in a manner predictable by a Poisson expansion. 

4. Following activation of the motor nerve terminal by an impulse or 
impulses, an e.p.p. of low quantal content is augmented by the recruitment 
of more quanta (post-activation potentiation of response). The amplitude and 
duration of this effect are determined by the number of conditioning impulses. 

5. Following activation of the motor nerve terminal there is also an increase 
in the frequency of the miniature potentials (post-activation potentiation of 
discharge frequency). The time course of this effect parallels that of the post- 
activation potentiation of response. 

6. These phenomena are discussed in relation to the post-activation phases 
of depression and potentiation of neuromuscular transmission observed in 
a curarnzed preparation in normal solutions. 


The author wishes to acknowledge the encouragement and constructive criticism of Professor 
J. C. Eccles during the course of this work. 


BoyD, 
po 
| pat C 
pe C 
m 
pet C 
pet Ca 
12 
pet C 
an 
pet Ca 
J. 
fib 
Fatt, |! 
ele 
Fart, F 
| 11 
D- 
Liey, 
the 
Liey, 
Luxps 
de 
Mar 
J. 


MAMMALIAN END-PLATE POTENTIAL 587 


REFERENCES 

Borp, I. A. & Marr, A. R. (1955). The quantal composition of the mammalian end-plate 
potential. J. Physiol. 129, 14-15 P. 

pat CasTiLo, J. (1955). Quantal nature of the end-plate potential. Nature, Lond., 176, 650-651. 

pet CasTiLLo, J. & Exoparx, L. (1954). The nature of the neuromuscular block produced by 
magnesium. J. Physiol, 124, 370-384. 
ev Castro, J. & Katz, B. (1954a). The effect of magnesium on the activity of motor nerve 
endings. J. Physiol. 124, 553-559. | 

DEL onal Katz, B. (19545). Quantal components of the end-plate potential. J. Physiol. 
124, 560-57 

pet CastriL0, J. & Katz, B. (1954c). Statistical factors involved in neuromuscular facilitation 
and depression. J. Physiol. 124, 574-585. 

pet Castri.o, J. & Stark, L. \ sigma The effect of calcium ions on the motor end-plate potentials. 
J. Physiol. 116, 507-515 

Easton, D. M. (1955). Setenasiboles action potentials modified at muscle end-plate by adjacent 
fibre activity. J. Neurophysiol. 18, 375-387. 

Fatt, P. & Katz, B. (1951). An analysis of the end-plate potential recorded with an intracellular 
electrode. J. Physiol. 115, 320-370. 

Farr, P. & Karz, B. (1952). Spont us subth Id activity at motor nerve endings. J. Physiol. 
117, 109-128. 

Hurrer, 0. F. oem Post-tetanic restoration of neuromuscular transmission blocked by 

p-tubocurarine. J. Physiol. 118, 216-227. 

Lavy, A. W. (1956). ee of spontaneous activity at the neuromuscular junction of 
the rat. J. Physiol. 182, 650-666 

Laey, A. W. & Nort, K. A. K. (1958). An electrical investigation of effects of repetitive stimula- 
tion on mammalian neuromuscular junction. J. Neurophysiol. 16, 509-527. 

Luwpsenra, A. & Quitaison, H. (19534). Presynaptic potentiation and depression of neuromuscular 
transmission in frog and rat. Acta physiol. scand. 30, 111-120. 

ome A. & Quiziscu, H. (19535). On the effect of calcium on presynaptic potentiation and 

depression at the neuromuscular junction. Acta physiol. scand. 30, 121-129. 


es, A. R. (1955). A further study of the statistical composition of the end-plate potential. 
J. Physiol. 180, 114-122. 


38 PHYSIO. CXXXIII 


« 
. 


J. Physiol. (1956) 133, 588-602 


EXCITATION AND CHANGES IN ADAPTATION BY STRETCH 
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The observation that stretch applied to the skin has a facilitatory action on 
the ‘spontaneous’ activity of tactile receptors induced by impulses arriving 
via sympathetic nerve fibres to the skin or by sympathomimetic substances 
(Loewenstein, 1956), gave the stimulus for exploring the action of stretch alone 
on the touch receptor. It appeared also probable that the adequate mechanical 
stimulus for a tactile receptor excited the ending by stretching it; this being 
the case, only minute stretching of the ending occurs under physiological 
conditions of tactile stimulation. It seemed of interest to examine the touch 
receptor’s behaviour over a wider range of skin stretch in the hope of throwing 
some light on the nature of mechanoreceptive adaptation. A preparation such 
as the frog’s skin, providing a physical system in which two differently 
adapting mechanoreceptors lying side by side may be simultaneously acti- 
vated, seemed well suited for this purpose. The frog’s skin presents a fast- 
adapting mechanoreceptor, namely the well-known touch receptor, and a 
slowly adapting ending (Fessard & Segers, 19434, b; Maruhashi, Mizuguchi & 
Tasaki, 1952); the latter will be shown in the present work to have the 
attributes of a stretch receptor. It was found that adaptation of the touch 
receptor is influenced in a marked degree by stretch, so that the ordinarily 
fast-adapting touch receptor when fully stretched presents a non-adapting 
stationary discharge like a stretch receptor. The results seem to indicate the 
existence of a mechanical basis for adaptation. 


METHODS 


Isolated skin nerve preparations of the frog’s (Rana pipiens) and toad’s (Calyptocephalus gayi) 
dorsum and limbs were used. The excised preparation was mounted on a device which permitted 
a circular piece of skin to be subjected to circumferential stretching at variable tension; thus 
a given point of the skin would show no detectable displacement at any degree of stretch (Fig. 1). 


* Kellogg Foundation International Fellow ; present address : Instituto de Fisiologia, Universidad 
de Chile, Casilla 6524, Santiago, Chile. 
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The skin flap with ite inner surface facing upwards was pressed between two lucite plates (H and F) 
and the assembly screwed rigidly to a metal frame (@). A rack and pinion (J) coupled with 
a planetary drive (J) provided the system comprising frame @, plates E and F and the skin S with 
macro- or micrometric up-and-down movements. The vertical displacement of this assembly 
against the walls of an open funnel-shaped lucite box (A), filled with Ringer’s solution (R) and 
mineral oil, submitted the skin, which served as the base of the box, to variable tensions. 


Pp 
A 


Z 
MLL, 


Fig. 1. Diagram of apparatus for stretch. S, skin; Z, F, lucite plates; G, metal frame; J, rack 
and pinion for up and down movements; J, planetary drive; A, lucite box with Ringer’s 
solution (R) and mineral oil, rigidly mounted to base D by metal rods P, C; B, glass plate for 
final dissection; 7', nerve fibre; U,, U,, platinum electrodes. 


N 


The lowest degree of skin stretch would be produced by the pressure of the fluid of A when the 
assembly at its lowest possible position would maintain the skin approximately at body length 
without stretch. A heavy stop-cock grease prevented leakage of fluid. The vertical displacements 
of the system were used as index of stretch and were measured with an accuracy of y$z in. on the 
ruler M. The maximal possible displacement of the apparatus was 5-5 mm, i.e. a theoretical 
Maximal extension of 11 mm in the diameter of the skin. The diameter of the functionally intact 
and unstretched skin was 17mm. No attempt was made to measure the skin tension. For 
rapid applications of stretch the rack and pinion were usually moved by a weight falling over 
& previously established distance. Thus a triggered and reproducible stretch with a velocity of 
the order of 3 mm/msec for full range of displacement was applied to the skin. When necessary 
oil damping was used. 

While the mechanical stimulation of the cutaneous stretch receptor was done only with 
stretch, the tactile receptors could be stimulated alternatively or simultaneously by stretching 
the skin and by applying a measurable weight to the external skin surface by means of a tip 
of approximately 0-25 mm diameter attached to a lever device described in a previous paper 
(Loewenstein, 1956). Since during the vertical movements of the apparatus a fringe of skin would 
be exposed to mechanical stimulation by the walls of plate H and of the box A sliding alongside 
each other, care was taken at the beginning of each experiment to kill the nervous elements of this 
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fringe, taking advantage of the pressure produced between these walls while gliding against each 
other during several maximal displacements of the apparatus. 

The afferent activity of the skin nerves was recorded as shown in Fig. 1, while the skin was 
stimulated mechanically. For single fibre recording, skin preparations of the hindlimbs inner- 
vated by ramus cutaneus cruris medialis were used. Functional or anatomical single fibres were 
dissected at the entry of this branch into the sciatic nerve following Tasaki’s (1953) technique. 
Final dissection and selection of the axons was made on a small black glass plate (B) inside the 
box (A). Action potentials were fed through condenser-coupled amplifiers into a double-beam 
oscilloscope. Frog’s Ringer’s solution was used of the same composition as in previous experiments 
(Loewenstein, 1956), The experiments were done at room temperature varying from 20 to 26° C. 


Fig. 2. Stationary activity of a cutaneous stretch fibre at different degrees of stretch. a, skin at 
minimal initial length; 6, skin stretched by 11%; c, by 15%; d, by 19% its initial length. 
The large potentials in d are from a tactile fibre which gave ‘spontaneous’ sporadic bursts at 
this degree of stretch. Time 500 msec. 


RESULTS 
Stretch fibre 


Besides the highly adaptive tactile receptor another mechanoreceptive fibre 
of much slower adaptation is present in the skin of the frog and of the toad 
(Fessard & Segers, 1943a, b; Maruhashi et al. 1952). This fibre is insensitive to 
light tactile stimulation but responds readily to stretch applied to the skin 
(Loewenstein, 1956). Its impulses are conveyed in more slowly conducting 
axons than the tactile fibres; its action potentials recorded in a compound 
nerve bundle are considerably smaller than the potentials of tactile fibres 
(average ratio ca. 2:5) which allows an easy electrophysiological distinction 
between the two (Fig. 2d). In response to suddenly applied stretch the slowly 
adapting fibre gives a discharge of impulses reaching in 1-9 sec a certain peak 
of frequency which declines thereafter to a steady level and stays approxi- 
mately there over the entire period of 1-2 min of observation (Figs. 2, 3). 
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The two phases of the response to stretch resemble those seen in other types 
of slowly adapting mechanoreceptors such as the muscle spindle (Adrian & 
Zotterman, 1926; Bronk, 1929) and the crustacean slow stretch receptor 
(Eyzaguirre & Kuffler, 1955) and thermo-receptors (cf. Zotterman, 1953; 
Bullock & Diecke, unpublished) and will be referred to, in accordance with 
Katz’s (1950) terminology as dynamic and static components of the discharge. 
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Fig. 3. Rate of discharge of a single cutaneous stretch fibre at different degrees of skin stretch. 
Impulse rate of successive experiments at 8 min interval in which the preparation is abruptly 
stretched by 6%, @——-@; 9%, O——O; 10%, A——A; 14%, A——A; 18%, 
23%» @—@; 28%, @©——®; starting from its initial minimal length (100%). ®—®, 
frequency at minimal length. 


At the lowest possible degree of skin stretch (see Methods for the conditions 
of minimal stretch) most stretch fibres show a stationary discharge of 0-5-3 
impulses/sec, although occasionally silent fibres are found which then start 
to give a steady discharge at higher tension. Sudden release of stretch is 
followed by a depression of the discharge which gradually recovers thereafter 
the stationary frequency. The fibre thus behaves like a typical stretch receptor, 
such as the frog’s muscle spindle (Matthews, 1931; Katz, 1950) or the slowly 
adapting stretch receptor of Crustacea (Eyzaguirre & Kuffler, 1955), and will 
henceforth be referred to as the cutaneous stretch fibre, although its function 
is not known. 

Fig. 3 illustrates characteristically the response of the fibre to different 
degrees of abruptly applied skin stretch. The rates of the discharged impulses 
during the dynamic phase augment with increasing stretch and, within certain 
limits of skin tension, the height to which the discharge settles during the 
static phase is a function of the stretch. Beyond a certain value of cutaneous 
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tension the stationary levels of frequency become indistinguishable (Figs. 3, 4). 
If the effect of stretch is followed over the full range of the skin extension 
permitted by the apparatus used, it is seen that the curve of peak frequencies 
of the dynamic phase also becomes asymptotic. But this happens at a con- 
siderably higher degree of stretch than the flattening of the plot of stationary 
frequencies (Fig. 4). It is not possible to say what part of the flattening of 
both frequency curves is truly due to neural effects and what part is due to 
physical properties of the skin. 
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Fig. 4. Effect of stretch on the rate of discharged impulses during the peak of the dynamic phase 
and during the static phase. The values of maximum impulse frequencies of the dynamic 


phase, O——O, and of the average stationary frequency, A——A, are plotted against the 
linear extension of the skin diameter. Data from a single stretch fibre. 


When cutaneous stretch is slowly increased (slope about 0-2 mm/sec or 
slower) the dynamic and static components of the discharge are either no 
longer distinguished or differences between the two become very faint 
(Fig. 5). The peak frequency attained with slowly rising tension is lower than 
the peak frequency resulting from abrupt stretching to the same skin 
length. 

Sudden release of stretch leads always abruptly to complete cessation of the 
discharge followed by a period of depressed activity of the fibre, its frequency 
gradually rising thereafter from zero to the corresponding value at minimal 
skin stretch (Fig. 3). The duration of the period of depressed activity is a 
function of the stretch to which the preparation was submitted before the 


release (Figs. 3, 6). The release depression is not found when stretch is slowly 
diminished towards the minimum (Fig. 5). 
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Fig. 5. Time-course of a stretch fibre’s discharge during slowly increasing skin stretch. The 
preparation is slowly extended by 12%, O——-O; 18%, A——A; and 23%, @——@ of 
its initial length (100%). Dotted lines represent the approximate time course of stretch; 
see abscissa of stretch at right. The shaded area comprises the stretch plateau. 


Stretch qe in. 
Fig. 6. Duration of release-depression as a function of initial stretch (abscissa). Starting from 
different degrees of skin stretch, stretch is suddenly released. Hollow and full circles represent 
values from two single stretch fibres of two different preparations. 
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Tactile fibre 
The touch fibre is readily excited by stretch applied to the skin. Over an 
ample range of skin tension the tactile unit behaves quite differently from the 
cutaneous stretch fibre. The differences are specially well shown in preparations 
in which the impulses originating in a touch ending are simultaneously 
recorded with those coming from a stretch fibre, both fibres belonging to the 
same (dissected) cutaneous nerve bundle. Upon sudden application of a slight 


Fig. 7. Response of a tactile fibre to various degrees of skin stretch. Starting from minimal 
stretch, the preparation is abruptly stretched by a, 1-5%; 6, 3%; ¢, 4%; d, 5-8% its minimal 
length. Up and downward deflexions of lower beam (retouched in b), signal respectively make 
and break of stretch. Time 500 msec. 


stretch, a discharge (‘on’ discharge) is recorded in the tactile axon which 
adapts rapidly, the fibre remaining silent throughout the entire period of 
steadily applied stretch. Release of stretch causes usually a second discharge 
(‘off’ discharge) (Fig. 7). ‘On’ and ‘off’ responses are also observed when 
a mechanical stimulus, e.g. a weight, is applied to the external surface of the 
alin (Gray & Malcolm, 1951). Within certain limits of skin length, the ‘off’ 
discharge of most tactile units was found to increase with the degree of initia! 
stretch from which the release had taken place (Figs. 7, 8). ‘Off’ discharges 
could be observed at all degrees of stretch, even at near stretch threshold for 
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the ‘on’ discharge. However, in some preparations the threshold for the 
‘off’ discharges was found to be consistently higher than for the ‘on’ dis- 
charges (Fig. 7). 

When the skin is submitted to different degrees of abruptly applied stretch, 
the number of tactile impulses and the total duration of the ‘on’ discharge 
increase with the augmenting stretch (Fig. 7). In the graph of Fig. 9 the 
relation between stretch and the resulting discharge is illustrated for a repre- 
sentative experiment. Over a wide range of skin stretch the duration of the 
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Fig. 8. Relation between ‘off’ response and initial stretch in a tactile fibre. The total number of 
impulses discharged at the release of stretch is plotted against the degree of initial stretch at 
which the release took place. Data from a typical single touch fibre. 


discharge and the number of impulses increase logarithmically and finally, 
in most tactile fibres, the curves become rather abruptly asymptotic. The 
asymptotic area of the curve would seem to be beyond the physiological 
range of skin stretch, but it is within this range that a striking change in the 
touch unit’s behaviour takes place; this unit now acquires the characteristics 
of a stretch fibre. In response to continually maintained stretch, the tactile 
unit no longer adapts to zero frequency but presents a stationary discharge 
instead (Figs. 7, 10). The drop from peak frequency to the stationary level of 
discharge is more pronounced in the touch element than in the stretch fibre. 
Clear distinction of levels of the stationary discharges at different degrees of 
stretch is not found, the tactile fibre resembling in this respect a stretch fibre 
at high degree of skin tension. The degree of stretch at which a non-adapting 
discharge appears varies greatly in different tactile fibres. The general shape 
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of the curve of Fig. 9 is found in most tactile fibres, although the asymptotic 
region is shifted individually to the left or to the right. 

Another feature of the tactile unit’s performance at high stretch which 
reminds us of that of a stretch fibre seems worth mentioning. When a touch 
fibre which is giving a stationary discharge at very high skin tension is 
suddenly loosened to a lower degree of stretch (but still high enough to cause 
stationary firing), the characteristic ‘off’-discharge not only is lacking, but 
a period of depressed activity usually appears instead before the steady dis- 
charge recovers its initial rate (Fig. 11). 

All effects described, even those produced at highest tension, were reversible. 


w 
' 


Logio of duration of discharge in msec 


= 


Logio of number of discharged impulses 


j 
40 
Stretch asin. 

Fig. 9. Relation between stretch and discharge of a tactile fibre. Various degrees of stretch 
(abscissa) are suddenly applied to the skin and steadily maintained at each level of stretch 
and'the duration of the corresponding discharges @——@ (right ordinates) and the number of 
contained impulses O———O (left ordinates) are computed. In each case stretch is suddenly 
raised from minimal to the corresponding value of stretch. Note that the curves become 
abruptly asymptotic. The higher values are from a discharge of 6-5 min duration caused by 
a skin lengthening of 1-7 mm (10% of initial length). From that stretch on, the discharges 
(no longer plotted) become stationary and show no signs of adapting to zero over the period 
of 40 min of observation. Data from a single tactile fibre. 


Interaction between stretch and an adequate mechanical stimulus 
In the hope of throwing some light on the question whether the described 
results were due to effects of stretch on nerve endings or on the thicker 
portion; of the fibres, experiments were done to search for an interaction 
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Fig. 10. Time-course of tactile discharges at various degrees of stretch. The preparation is 
abruptly stretched by: @——-®@, @——-@, 73%; ©——@, 12%; A——-A, 16% its 
initial length and held at each level of stretch. Discharge, A——/, was followed over 
25 min of observation and still found firing. Data from a single tactile fibre. 


112 
96 
80 


64 


4 8 12 16 20 24 
sec 
Fig. 11. Release depression in a tactile unit. A high degree of stretch is applied to the skin at 
time zero causing a stationary discharge. At the arrow mark stretch is suddenly released to 
& lower degree of skin tension but still high enough to cause a stationary discharge. Note the 
period of depressed activity comparable with the release depression of a stretch fibre. 
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between stretch and an adequate mechanical stimulus applied to the external 
skin surface. If the tactile response to the latter could be shown to undergo 
facilitation by stretch, such as happens with adrenaline, or with a subthreshold 
direct current (Loewenstein, 1956), the evidence would point heavily towards 
an action on the nerve ending. In these experiments the touch receptors were 
stimulated with the tip of a lever device hitting against the external skin 
surface while the skin was held at various degrees of stretch. There were no 
technical difficulties in making.certain that the same skin spot was stimulated 
at the different degrees of skin extension, but great care had to be taken to 
maintain a constant distance between tip and skin, compensating for the 
considerable changes in distance caused by stretching the skin over the range 
of lower tensions. The results were negative: no consistent changes of the 
tactile response pattern were found over the greater part of stretch range. 
Only at high stretch, some of the preparations tested would show a clear 
reduction in the number of discharged impulses in response to the adequate 
mechanical stimulus as compared with that discharged at low skin tension. 
Although a positive finding would have been helpful for the purpose of an 
interpretation, from the present negative result nothing definite may be 
inferred, since the results may well be due to physical changes of the skin 
allowing less deformation, compression, etc., of the skin with augmenting 
stretch and thus true neural effects may have become masked. 


DISCUSSION 


The nerve trunk seems to be well protected against stretch because of the 
contorted course of the nerve fibre within a strong connective tissue sheath. 
It has been estimated by Schneider (1952, see Gray & Ritchie, 1954) that the 
length of the nerve trunk must increase by more than 50% before its axons 
actually begin to stretch. Under ordinary conditions of skin stretch the nerve 
length is never increased as much, but in some of the present experiments 
stretching up to or beyond that point may well have occurred. Thus the 
possibility cannot be dismissed that the described effects on the frog’s cutaneous 
fibres, instead of being the result of stretch acting on nerve endings, as was 
held implicit throughout the present work, were due to the action on the 
axon. (For the present discussion the term axon will be used for the thicker 
portion of the nerve fibre in distinction to the term nerve ending, the terminal 
portion of the sensory fibre.) The possibility must be considered of impulses 
originating or being facilitated at the axon under the influence of stretch. This, 
however, seems unlikely in view of the results of Gray & Ritchie (1954), who 
found no evidence in myelinated motor axons of the frog that the nodal 
membrane of the axon reacted to stretch in the same way as the sensory 
nerve ending. Contrarily, a nerve impulse in response to stretch was never 
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found by these authors; instead only depressor effects caused by stretch on 
impulse conduction, such as reduction in the magnitude of the action current 
and reversible conduction block, were reported. Besides, Bullock, Cohen & 
Faulstick (1950), in a study of the action of stretch on the conduction rate of in- 
vertebrate giant nerve fibres, do not report any positive effects caused by stretch. 
If the results of stretch given in the present paper were due to effects on axons 
instead of on sensory endings, we should have obtained blockage or depression 
instead of excitation and facilitation, provided the sensory axons of the frog’s 
skin behave like the motor fibres examined by Gray & Ritchie. Moreover, in 
recent experiments it was shown that the response of an isolated Pacinian 
corpuscle of the cat’s mesentery to a mechanical stimulus is facilitated by 
stretching the intracorpuscular nerve terminal and that this effect is clearly 
at the nerve ending and not at the axon (Loewenstein & Altamirano, 1956). 

The transformation by stretch of the touch receptor, the fast adapting 
mechanoreceptor par excellence, into a slowly adapting receptor, raises the 
question whether adaptation may not have a mechanical basis. With the 
following hypothesis an explanation of the tactile and stretch ending’s per- 
formance depicted in the present paper is attempted. It is assumed that under 
normal conditions of skin tension the membrane of the stretch ending is in an 
expanded state, whereas that of the touch ending is folded. This may be due 
to gross anatomical differences (as suggested by the rather ample stretch 
needed for causing the receptor to discharge steadily), e.g. straight stretch 
endings and coiled-up touch endings, or due to dissimilarities at submicro- 
seopical level. It is further assumed that depolarization and hence generation 
of impulses occur by an unfolding of the membrane (Katz, 1950; Gray & Sato, 
1953). The depolarization is likely to be due to changes in permeability (Katz, 
1950). Whether a permanent or a transient depolarization of the nerve ending 
results depends on whether the membrane is held permanently or temporarily 
expanded. 

An ordinary tactile stimulus, such as a weight continually applied deforming 
the external skin surface, may cause a transient unfolding of the touch 
énding’s membrane, depolarizing it enough to generate a few impulses. But 
then a rapid back-folding of the membrane takes place, the receptor adapts. 
Several mechanisms may account for this, but perhaps the simplest is to 
suppose that ‘non-elastic’ elements of the skin in series and in parallel with 
the ending absorb the deformation without the development of enough tensile 
force to maintain the ending outstretched. The same explanation may be 
used for the case of slight stretch applied to the skin. However, with increasing 
extension of the skin, the tactile ending becomes fully expanded and in-series 
elastic elements will maintain its membrane unfolded as long as the tension 
is applied to the skin: thus a continuous depolarization of the ending can be 
brought about, the receptor no longer adapts but instead gives a stationary 
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discharge. The facilitatory effects of stretch at the Pacinian corpuscle men- 
tioned above (Loewenstein & Altamirano, 1956) may be similarly explained. 
It appears of interest in this connexion that part of the intracorpuscular 
course of the fibre is tortuous (Quilliam & Sato, 1955). 

The cutaneous stretch receptor, on the other hand, and perhaps in general 
all mechanoreceptive endings presenting a static discharge, are here supposed 
to have unfolded or nearly unfolded membranes under normal conditions of 
stretch of the corresponding organ and owing to in-series elastic elements are 
maintained in this condition. Mechanically they are thus comparable to the 
stretched touch receptor. 

In the light of the present hypothesis adaptation in mechanoreceptors or 
at least a component of adaptation becomes basically a mechanical property 
of the gross anatomical or finer structure of the nerve ending. The hypothesis 
may also account for the fact that under conditions of high stretch the touch 
receptor no longer gives an ‘off’-response but shows a release depression 
instead. While in the case of the fast adapting cutaneous touch receptor (or the 
Pacinian corpuscle) both compression and decompression of the surrounding 
structures could cause unfolding of portions of the membrane of the un- 
stretched nerve ending, i.e. produce an ‘on’ and ‘off’ response, in the case of 
the stretched touch or stretch receptor endings, decompression may be expected 
to cause folding of the membrane. 

The rate of adaptation of mechanoreceptors appears to be closely related 
to the rate of decay of the generator potential. With a steadily sustained 
mechanical stimulus the generator potentials of the fast adapting Pacinian 
corpuscle of the cat (Alvarez-Buylla & de Arellano, 1953; Gray & Sato, 1953) 
and of the fast adapting crustacean RM, receptor (Eyzaguirre & Kuffler, 
1955) fall rapidly below the threshold level, while that of the slowly adapting 
frog’s muscle spindle (Katz, 1950) and of the slow RM, receptor of Crustacea 
is maintained for a relatively long time above threshold. This link between 
generator potential and adaptation rate gives per se no explanation of the 
mechanisms underlying fast and slow adaptation, but allows the question of 
the nature of adaptation to be brought to another level and to be formulated 
as: What makes the generator potential decay rapidly in one receptor and 
hold up in another when stretch is continuously applied? Our experiments on 
the frog’s skin receptors have no direct bearing on generator potentials. The 
frog’s skin offering two differently behaving receptors lying side by side in the 
same physical system is an excellent preparation for a differential study of 
adaptation, but is unsuitable for the recording of the generator potential. It 
seems, however, permissible to assume that the cutaneous touch and stretch 
receptors behave like the fast and slowly adapting mechanoreceptors above, 
and the mechanical hypothesis of adaptation may be expressed in terms of the 
generator potential. Thus the velocity of the generator potential could be 
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considered as depending on the ability of mechanical forces to hold the nerve 
ending’s membrane expanded. Current experiments on the Pacinian cor- 
puscle reveal that under the influence of stretch the generator potential 
behaves as would be predicted by the hypothesis (Altamirano, R. & Loewen- 
stein, W. R., unpublished). 

Direct evidence in this connexion is given by Eyzaguirre & Kuffler (1955) 
for the stretch receptor nerve cell of Crustacea. Eyzaguirre & Kuffler express 
the view that the differences between the generator potentials of the fast RM, 
and the slowly adapting RM, receptor may be partially explained by structural 
differences allowing less slippage between the dendrites of the slow cell and the 
surrounding tissue to which the stretch is applied. At high stretch both 
receptors maintain equally well their generator potentials. It is specially 
suggestive that the slow receptor bundle looks taut even when unstretched, 
whereas the fast bundle appears coiled and slack when released (Eyzaguirre & 
Kuffler, 1955). 


SUMMARY 

1. The functional properties of a mechanoreceptive fibre in the frog’s skin 
are described. The fibre has the characteristics of a slowly adapting stretch 
receptor, namely a graded stationary discharge in response to steadily main- 
tained stretch and a period of depressed activity following sudden release of 
stretch. 

2. The other mechanoreceptor of the frog’s skin, the well-known touch 
receptor, is readily excited by stretch giving an ‘on’ and an ‘off’ discharge to 
respectively the application and the release of stretch. 

3. Over a certain range of stretch the number of tactile impulses and the 
total duration of the ‘on’ response increase logarithmically with stretch. 
Finally at high stretch the touch fibre acquires the properties of a slowly 
adapting stretch receptor: in response to continually sustained stretch it no 


longer adapts to zero frequency but presents a stationary discharge instead, 


and the ‘off’ response is replaced by a period of depressed activity upon 
sudden release of stretch. 

4. The mechanism whereby stretch affects the response of the sense organ 
is discussed. A hypothesis is proposed which considers the existence of a 
mechanical basis of adaptation. 
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interest, and Dr I. Tasaki for kindly demonstrating his technique for anatomically single nerve 
fibre dissection. I am indebted to Mr A. Klein, University of California, and to Mr P. Frigerio, 
University of Chile, for the construction of some of the apparatus employed. The work was aided 
by grants from the Kellogg Foundation, National Institute of Health (B-21 to Prof. T. H. Bullock), 
the University of California and the University of Chile. 
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METABOLISM AND DISTRIBUTION OF ENDOGENOUS 
THYROID HORMONE IN RATS WITH AND 
WITHOUT SALIVARY GLANDS 


By N. B. MYANT 


From the Medical Research Council Experimental Radi 
Research Unit, Hammersmith Hospital, London, W. 12 


(Received 16 May 1956) 


Fawcett & Kirkwood (1954) have concluded that in rats the salivary glands 
are the main site of deiodination of thyroid hormone. They have also suggested 
that deiodination of thyroxine in the salivary glands gives rise to a high con- 
centration of iodide in the saliva. In this paper experiments are described 
showing that removal of the salivary glands has little or no influence on the 
metabolism or distribution of labelled endogenous thyroid hormone in rats. 
Since this work was finished, the experiments upon which Fawcett & Kirk- 
wood based their conclusions have been shown to be erroneous (Tong, Potter 
& Chaikoff, 1955). However, the results seem worth reporting since they 
include observations from which it may be possible to estimate the volume of 
distribution and the rate of removal of endogenous thyroid hormone. 


METHODS 


Adult rats of the Wistar strain were used. The submaxillary and major sublingual glands were 
removed under pentobarbitone anaesthesia after ligation of their main blood vessels. The parotid 
glands, extending on each side into the muscles over the pectoral girdle and as far back as the base 
of the ear, were dissected out. The minor sublingual glands, comprising less than 5% of the total 
mass of salivary gland in rats, could not be removed without killing the animals. After the 
Operation the rats were able to eat and, although they lost weight, lived for up to 6 weeks. 
Preparation of labelled endogenous thyroxine. Rats given an iodine-deficient diet were injected 
intraperitoneally with 200 ue of carrier-free I as iodide. Thirty-six hours later blood was obtained 
by cardiac puncture, and the serum dialysed in cellophane bags at 4°C against 0-9% NaCl 
containing a suspension (1 g/100 ml.) of the anion-exchange resin Deacidite in the chloride form 
(Permutit Company). Dialysis was continued until more than 95% of the ™I in the serum was 
Precipitable with the proteins. The serum was then centrifuged to remove any solid particles. 
The activity of the dialysed serum, when ready for injection into recipient rats, was usually about 
1ye/ml. Tests made on samples of this material showed that at least 89% of the radioactivity 
could be removed by shaking with 3 vol. of n-butanol. This was not significantly less than the 
Proportion of the radioactivity that could be extracted into n-butanol after radiothyroxine had 
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been added to rat’s plasma in vitro. There was no evidence, therefore, that the serum from the 
donor rats contained abnormal radioactive breakdown products from the thyroid, such as are 
known to appear in the blood stream of humans who have been given very large doses of I 
(Robbins, Rall, Becker & Rawson, 1952). 

Experimental. Rats were injected with 0-5-1-0 ml. of radioactive serum into the femoral vein, 
after an aliquot had been taken for measurement of the radioactivity per ml. injected. The rate 
of excretion of "I in the urine and faeces was then measured. In the first experiment, sixteen control 
and sixteen operated rats were used, the injections being given 2 weeks after the operation. Each 
set of sixteen rats was divided into four equal groups. Blood samples were taken by cardiac 
puncture (0-5-1-0 ml.) at various intervals, each group of rats providing two or more points on 
the plasma concentration curve. The rats in the fourth group were paired, and each pair was kept 
in a separate metabolic cage from which urine and faeces could be collected separately. They 
were given water containing 0-1 % KI, in order to prevent thyroid uptake of radio-iodide released 
from the breakdown of the injected radiothyroxine. After 6 hr, and then at the end of each day, 
the faeces and urine were collected from each cage, washings from the cage being added to the 
urine. In this group of rats as much blood as possible was obtained for the last sample, taken 
6 days after the injection. 

The proportion of the dose in the liver, stomach plus intestine, and thyroid was measured post 
mortem in some of these rats. 

In the second experiment, begun on the day after the operation, four control and four operated 
rate were used. Each rat was kept in a separate metabolic cage, and urine and faeces were 
collected separately at the end of each day. 

Measurement of radioactivity. The radioactivity of the samples was measured in aliquots of 10 ml. 
in a M.R.C, scintillation counter. The samples of plasma were made up to 10 ml. with water. The 
liver was removed from the rat and weighed, and a weighed portion (usually about 2 g) digested on 
a steam-bath in 10 ml, 2 x-NaOH for 1 hr. The faeces were digested for 1 hr in 10-15 ml. 4 n-NaOH. 
The carcass was digested overnight in 100-200 ml. 4n-NaOH and the stomach and intestine 
were digested overnight in 25 ml. 4 n-NaOH. 

In the first experiment, radioactivity in all the samples was measured as total*I. In the second 
experiment, the ™*I in the urine and faeces was separated essentially according to the method of 
Taurog & Chaikoff (1946) into a butanol-soluble (or thyroxine-like) fraction, and an alkali- 
soluble fraction, containing iodide and any di-iodotyrosine present. The ™ I in the urine was first 
extracted into n-butanol after the pH of the urine had been adjusted to 4-0 by addition of HC). 
The alkali-soluble fraction was then removed from the butanol by extraction with 5% Na,CO, in 
4 n-NaOH. The™ I in the alkaline digest of faeces was fractionated by extracting it with n-butanol, 
the alkali-soluble fraction remaining in the digest. In order to find out what proportion of the 
radioactive thyroxine originally present in the faeces is recovered under these conditions, radio- 
active plasma from the donor rats was added to non-radioactive rat’s faeces. The faeces were then 
digested in 4 n-NaOH and extracted with butanol. The proportion of the total "I remaining in 
the alkaline fraction averaged 24-6 + 1-9, suggesting that some 25% of the thyroxine excreted in 
the faeces may be degraded during the digestion with alkali. 

Statistical. For the calculation of the gradients of the regression lines in Fig. 1, the averages 
were weighted to allow for the increasing scatter in the values from each group towards the end 


of the experiment. Differences were not considered significant if the value of P was greater than 
0-05. 


RESULTS 
In the first experiment, the concentration of ™I in the plasma fell in two 
phases, as shown in Fig. 1, the values lying approximately along a curve with 
two exponential components. The half period of the first phase was 0-59 hr 
in the control rats and 0-51 hr in the operated rats. The half period of the 
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second phase, calculated from the slope of the regression line of log Y on X 
between | and 6 days (Fig. 1, lines a and 5), was 0-9 + 0-12 days in the control 
and 1-0 + 0-12 days in the operated rats. In neither phase was the difference 
between control and operated rats significant. The regression lines a and 5}, 
when extrapolated to zero time, cut the Y axis at points corresponding to 
2-1 %, of the dose per ml. of plasma in the control rats, and 2-0% in the operated 
rats. 


10°0 


Plasma ‘3! concentration (% dose mi.) 


i i i i i Jj 
1 2 3 4 5 6 
Time after injection (days) 


Fig. 1. Plasma “I concentration after injection of ™I-labelled thyroid hormone. From 0 
to 6 hr, averages from each group of rats; from 1 to 6 days, single values from each rat. 
@, normal rats; ©, operated rats. 


Taste 1, Distribution of I in liver andalimentary canal at varioustimes after injection of labelled 
endogenous thyroxine in normal rats and rats without salivary glands 
Stomach + intestine 
Liver (% dose) (% dose) Faeces (% dose) Urine (% dose) 


Time Control Operated ‘Control Operated Control Operated Control Operated 


Smin 452441 402432 83420 7442-9 — 

lhr 353439 364420 91425 10-243-0 — 

2 hr 30-543-1 21-542-7 145431 13:1+2-7 — — 

6 hr 15-942-7 139430 17943-2 23-241 0-4 0-5 78 4-2 
24 hr 724121 48423 140435 168420 123 9-4 32-7 30-0 


The amount of "J left in the body 1-6 days after the injection was estimated 
as the difference between the amount injected and the total amount excreted 
in the urine and faeces. The amount left in the body decreased with a half 
period of 0-9 days in the control rats, and 1-3 days in the operated rats. The 
difference between control and operated rats was significant (P < 0-01). 

Observations on the proportion of the dose present in the liver, stomach and 
intestine, faeces, and urine at various intervals up to 24 hr are shown in Table 1. 
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The amount of 4] in the thyroid is not included, since in no case did it exceed 


0-5% of the injected dose. At 3 min after the injection, a high proportion of 


the dose was present in the liver. The ™I content of the liver then fell as the 
amount in the gut increased. This was followed by a decline in the amount in 
the gut and an increase in faecal excretion. The appearance of radioactivity 
in the liver, gut and faeces followed a sizxnilar pattern in both groups of rats. 

The difference between the rate of disappearance of “I from the two groups 
of rats was not necessarily due to the absence of salivary glands in the 
operated rats. By the time the experiment was started, their general condition 
had begun to deteriorate, and they were eating less food and passing less faeces 
than the control rats. In the second experiment, therefore, the radioactive 
hormone was injected on the day after the operation, while the operated rats 
were still in good general health. Blood samples were not taken, but faeces 
and urine were analysed in each case for butanol-soluble and alkali-soluble ™ I. 


TaBLE 2. Proportion of “I of injected labelled serum excreted in the urine and faeces at daily 


intervals after the injection* 
Control group Operated group 
Alkali- Alkali 
soluble soluble 
Total™I in Total] in 
in urine urine in urine urine 
Total’*I TotalI and and Total™I Total™I and and 
Days inurine in faeces faeces faeces inurine in faeces faeces faeces 
1 22-6 5-3 27-9 22-8 25-0 4-0 29-0 
2 37-9 17/1 55-0 38-4 42-3 14-2 56-5 42-0 
3 44-5 22-4 66-9 45-7 52-2 18-4 70-6 51-6 
4 51-4 28-0 79-4 52-6 57-6 22-3 79-9 56-9 
5 54-5 31-1 85-6 56-4 61-5 26-4 87-9 60-1 
6 57:1 33-0 90-1 58-6 62-9 28-0 90-9 62-4 
7 58-9 34-4 93-3 60-1 64-6 30-1 94-7 64-5 


* All values are averages from four rats and are expressed as percentages of injected dose. 


The total amount of I excreted in the urine and faeces from each group of 
rats is shown in Table 2. This table also shows the proportion of the injected 
dose excreted as alkali-soluble ™I. In both groups of rats, more than 90°, 
of the injected ™I had disappeared from the body by the 7th day, about two- 
thirds of this being excreted in the urine. Of the I excreted in the samples of 
urine, 88-4 + 2°3°% was in alkali-soluble form. In the faeces, 30-5 + 1-9° was 
in alkali-soluble form. This was only a little higher than the proportion of 
alkali-soluble™ I in an alkaline digest of faeces to which labelled hormone had 
been added im vitro (see Methods). This suggests that most of the "I in the 
faeces was excreted as butanol-soluble (or thyroxine-like) iodine. During 
the whole period of observation the total amounts of alkali-soluble ‘I 
collected in the urine and faeces were a little higher in the operated rats than 
in the controls (Table 2), but the differences were not significant. 
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The amount of ™ I left in the body, estimated as the difference between the 
amount injected and the total excreted, decreased with a half period of 1-8 
days in the control rats and 1-7 days in the operated rats (Fig. 2). The difference 
was not significant. | 


1 L L 1 j 
0 1 2 3 4 5 6 7 
Days after injection 


Fig. 2. Percentage of dose left in body, estimated as difference between amount of "I injected 
and total amount excreted in urine and faeces. Average values with s.z. of mean. Obser- 
vations from second experiment. @, normal rats; ©, operated rats. 


DISCUSSION 


Apart from the difference between the rates of removal of the injected “I 
from the normal and operated rats in the first experiment, these results fail 
to show any differences between the fate of biosynthetically labelled thyroid 
hormone in normal rats and rats from which at least 95% of the salivary 
tissue has been removed. In particular, the observations on the rate of 
excretion of alkali-soluble I (Table 2) do not provide any evidence of a 
difference in. the rate of deiodination of injected hormone in control and 
Operated rats. It has also been shown (Cohen and Myant, unpublished 
observations) that rats differ from man and most laboratory mammals in 
that iodide is not concentrated in their saliva or salivary glands. Nor is there 
other conclusive evidence that the salivary glands of rats are concerned in any 
Stage of the metabolism of iodine in vivo. 
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The analysis of the plasma concentration curve into two exponential phases 
is based on the assumption that the injected dose of labelled thyroxine mixes 
during the first few hours with the exchangeable thyroxine in the tissues 
(shown by the first phase in Fig. 1), and is removed from the body at a con- 
stant proportional rate by breakdown or excretion (shown by the second phase). 
If the second phase in the fall in concentration is due only to removal of 
thyroxine from the body, the plasma concentration at complete mixing would 
be equal to the value at which the lines a and 6 cut the Y axis, i.e. about 2% 
of the dose per ml. of plasma in both groups of rats. The total amount of 
thyroxine with which the dose mixes in the animal’s body may then be ex- 
pressed as a volume of distribution equivalent to about 50 ml. of plasma. This 
includes all the thyroxine, free or combined, present in that part of the 
intestinal tract from which reabsorption of thyroxine can occur. The above 
assumption is almost certain to be an over-simplification. The analysis also 
takes no account of the error due to removal of the blood samples. It is, 
moreover, possible that a third component in the curve, as described by 
Albert & Keating (1952), using exogenous thyroxine, might have been found 
if blood samples had been taken for longer. However, these errors are probably 
of minor importance, since in each group of rats the proportional rate of re- 
moval, estimated from the plasma concentration curve, is in fair agreement 


_ with the independent estimate derived from the excretion of ™*I in the faeces 


and urine. If the injected thyroxine continued to mix with thyroxine outside 
the plasma during the second phase, the rate of fall of the plasma ™ I con- 
centration should be greater than the rate of disappearance from the whole 
body. 

The observations on the distribution of “I in the liver, intestine, urine and 
faeces agree in general with the much more detailed studies of Gross & 
Leblond (1950) and of Albert & Keating (1952). After injections of endo- 
genously labelled thyroid hormone, more than half the “I lost from the body 
is excreted in the urine, most of the urinary ™ I being excreted as iodide. This 
finding agrees more closely with the observations of Gross & Leblond, who 
injected "I-thyroxine extracted with butanol from the plasma of rats given 
radioiodide, than with the observations of Albert & Keating. These workers 
injected chemically labelled t-thyroxine and found that more than 60% was 
excreted in the faeces. This difference could be explained if their thyroxine was 
contaminated with traces of radioactive tri-iodothyronine, since tri-iodo- 
thyronine is excreted in the bile of rats more rapidly than is thyroxine (Myant, 
unpublished observations). 
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SUMMARY 


1. Removal of the salivary glands from rats does not alter the distribution 
or the rate of degradation and excretion of labelled endogenous thyroid 
hormone. 

2. In normal and operated rats the volume of distribution of labelled 
endogenous thyroid hormone is equivalent to about 50 ml. of plasma, and the 
half period of removal from the body is between 1 and 2 days. 

3. The assumptions underlying these estimates are discussed. 


I am greatly indebted to N. W. Please, of the Department of Statistics, University College * 
London, for discussion during the preparation of this paper. 
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NEUROMUSCULAR FACILITATION BY STRETCH OF 
MOTOR NERVE-ENDINGS 


By O. F. HUTTER* ann W. TRAUTWEINT 
From the Wilmer Institute, Johns Hopkins Hospital and University, 
Baltimore, Maryland 


(Recewed 23 May 1956) 


Kuffler (1952) and Ralston & Libet (1953) have shown that neuromuscular 
transmission may be restored in a partly blocked frog nerve-muscle prepara- 
tion by passively stretching the muscle. In this paper a quantitative descrip- 
tion of this phenomenon is given. Further, an attempt to locate the mechanism 
at work is made by studying the effect of stretch on the behaviour of the 
terminal apparatus which releases acetylcholine from the motor nerve endings. 
It will be shown that the facilitation of the transmission by stretch is due 
mainly to a recruitment of latent acetylcholine release units (del Castillo & 
Katz, 1956). The phenomenon therefore illustrates how the margin of safety 
at a synapse may be controlled by a change in the geometry of the nerve 


endings. A preliminary report of this work has already appeared (Hutter & 
Trautwein, 1956). 


METHODS 


The experiments were made on Rana pipiens during the autumn and winter. The sartorius was 
set upright between a clamp at the pelvic end and an RCA mechano-electrical transducer which 
was connected to the tendon with a light chain. Maximal direct shocks were given to the pelvic 
end of the muscle; maximal motor nerve volleys were delivered through the sciatic nerve. When 
not stimulated, the preparation was covered by Ringer's solution to which enough tubocurarine 
chloride was added to produce the desired degree of neuromuscular block. The transducer was 
mounted in a screw-operated dove-tailed slide which was moved to stretch the muscle. A travelling 
microscope was used to measure the muscle length, the ends of the clamp and of the chain serving 
as arbitrary points of reference. 

End-plate potentials were recorded from curarized preparations lifted into paraffin oil. In this 
case the muscles lay horizontally, and the platinum recording electrodes were arranged to traverse 
the preparation at a constant inter-electrode distance. This was necessary since after each stretch 
of the muscle the end-plate focus had to be found anew. For intracellular recording the m. extensor 


digiti IV was used. The muscle was supported in the centre by a wedge made of Perspex, and held 


at each end by clips mounted on a suitable manipulator. When the observations at the initia! 


* Rockefeller Foundation Fellow, from the Department of Physiology, University College 


Tt National Academy of Sciences Fellow, from the Physiologisches Institut, Heidelberg. 
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length were completed the clips were gently pulled apart while the experimenter watched the 
microelectrode under high magnification; by adjusting the movement made in each direction the 
strain on the electrode tip could be minimized. Usually it was possible to stretch the muscle by 
several mm without disengaging the electrode from the fibre, and on several occasions a series of 
graded stretches and relaxations was completed. The KCl-filled microelectrodes used were chosen 
for their slender shape and had a resistance of 20-80 MQ. They were connected through a cathode- 
follower to a conventional direct-coupled amplifier. For recording the spontaneous miniature 
potentials the cathode-follower output was fed also into a condenser-coupled amplifier of higher 
gain, so that the membrane potential could be read on one beam while the miniature potentials 
were displayed on the other beam of the oscilloscope. This proved convenient because stretching 
of impaled fibres sometimes caused irregular changes in the recorded potential. 

All experiments were designed to minimize the effect of any progressive deterioration of the 
preparation. When the relation of length to tension development was studied, the length of the 
muscle was first increased and then decreased as is common practice. The direct shock was followed 
at each length by the indirect stimulus so that an accurate measure of the proportion of muscle 
fibres responding to a nerve volley was obtained. As a rule the frequency of stimulation was 
2 per min. Several conditioning shocks were given to a preparation which had rested in order to 
stabilize the twitch tension before recording a response. Regular stimulation was also important 
in fully curarized preparations, for the height of the end-plate potential depends greatly on the 
interval between stimuli. 

The composition of Ringer’s solution in m-mole/l. was Na 112-8, K 2-7, Ca 1-8, Cl 117-3, HCO, 1-8. 
When magnesium chloride was added, the sodium chloride concentration was reduced in order to 
maintain a constant osmotic pressure. Neostigmine methylsulphate 1 in 10° was used to increase 


the amplitude of the spontaneous miniature end-plate potentials. The room temperature ranged 
from 22 to 26° C. 


RESULTS 
Recruitment of muscle fibres 
In a partly curarized frog nerve-muscle preparation stimulated by single 
maximal motor nerve volleys the isometric twitch peak tension increases 
many times if the muscle is lengthened before stimulation. Two mechanisms 
contribute to this effect: the twitch tension produced by each fibre is 
augmented, and fibres that have previously failed to contract are recruited. 
In order to determine the degree of neuromuscular transmission at different 
muscle lengths, the twitch tensions on direct and indirect stimulation were 
therefore compared. Fig. 1 shows the result of an experiment on a sartorius 
muscle treated with 5 in 10’ tubocurarine chloride. The upper curve shows 
the change in the twitch tension on maximal direct stimulation of the muscle, 
that is, the classical length-twitch tension relationship (Blix, 1895; Evans & 
Hill, 1914); it passes through a maximum around a length at which the passive 
initial tension just begins to be appreciable. The lower curve shows the response 
to maximal nerve volleys; it rises more steeply, reaches a peak at a greater 
length, and has a flatter descending limb. The difference between the two 
curves, which represents the proportion of blocked nerve-muscle junctions, 
therefore decreases as the muscle is stretched. In nine out of thirteen experi- 
ments equal increments in muscle length caused the recruitment of roughly 
eonstant numbers of muscle fibres. In the remaining experiments the relation 
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between muscle length and the percentage of fibres responding to a nerve 
volley was linear over only a part of the length range. There was evidence in 
those cases that the muscles had been unduly stretched during preparation, 
for the direct length-tension curve showed only a small ascending limb. 


10 
0 i 
30 35 40 


Fig. 1. Relation between muscle length and maximum tension developed during a twitch. Frog 
sartorius treated with 5 x 10-’ tubocurarine. Dots (@), responses to direct shocks; squares 
(™), responses to motor nerve stimuli. The open circles (©) show the percentage of muscle 
fibres responding to a nerve volley at different lengths. The triangles (/\) indicate the passive 
initial tension. 

The degree of restoration of neuromuscular transmission by stretch varied 
considerably from preparation to preparation. One of the factors which 
determined it was the degree of curarization. Thus in a sartorius treated with 
6 in 10’ tubocurarine chloride an increase in length by 9-6 mm caused the 
recruitment of 65% of all its fibres; whereas on raising the concentration of 
tubocurarine to 1 in 10® only 42% of the fibres were recruited (Fig. 2). It is 


. .. noteworthy that the effect on transmission of a twofold increase in the con- 


centration of curarine may be overcome by stretching the muscle by a few mm. 
In several experiments neuromuscular transmission was incomplete at the 
least length used, even in plain Ringer’s solution. Not until about 2 mm of 
stretch was applied did a maximal nerve volley excite all the muscle fibres. 


Increase in end-plate potential 
As a first step in the analysis, the effect of stretch on the size of the end-plate 
potential was studied in fully curarized sartorius muscles. After each increase 
in length the pelvic end-plate focus was localized anew and the maximum 
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mean end-plate potential. recorded. One series of records was taken on 
stretching the muscle, another on relaxing it, so that the effect of progressive 
fatigue could largely be cancelled. The results of a typical experiment are 
plotted in Fig. 3. It will be seen that the amplitude of the mean end-plate 
potential varies linearly with the muscle length at all concentrations of 
curarine used, and that the mean end-plate potential grew in each case 
by approximately the same ratio. Consequently the potential increment in 
mV/mm stretch was more, the less curarine was present. This, no doubt, is 


Br 


Fig. 2. Recruitment of muscle fibres by stretch at different degrees of curarization. Ordinate: 
% of musele fibres responding to a nerve impulse. Abscissa: length 6f muscle. A, sartorius 
partly blocked with 3 x 10-" tubocurarine; about 3 mm of stretch is enough to bring all fibres 

* into contraction. B, preparation treated with 6 x 10— tubocurarine. C, 1 x 10~* tubocurarine. 


the reason why more fibres are recruited per mm stretch in lightly than in 
heavily curarized preparations (cf. Fig. 2). In this connexion it should be 
pointed out that an interesting relation is indicated if Figs. 2 and 3 may be 
considered as a single experiment, covering a wide range of tubocurarine 
concentrations: on stretching a just fully blocked preparation the number of 
muscle fibres recruited should be roughly proportional to the increment in the 
Mean end-plate potential. This suggests that the height of the end-plate 
potential approaches the threshold for impulse propagation in only a few 
fibres, and that the end-plate potential height in the remaining fibres is 
distributed rather evenly over a wide range (Fatt & Katz, 1951). Had the 
Voltage of the end-plate potential been close to the threshold for impulse 
propagation in many fibres, these would all have been recruited by a small 
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increase in length. The mean increase in the end-plate potential in nine 
preparations treated with curarine was 7:1+ 19% per mm stretch. No 
significant changes in the time-course of the end-plate potential could be 
detected. 


Fig. 3. Relation between muscle length and end-plate potential amplitude at different levels of 
curarization. A, 4-5 x 10-*; B, 6x10-*; C, 9x 10-*; D, 10-* tubocurarine. At each 
concentration the muscle was first stretched and then relaxed; the vertical lines indicate the 
difference between several records at each length. Inset: superimposed traces of end-plate 
potentials plotted in A. Time marks 500/sec. 


Extracellular recording has the advantage that the average response of a 


large number of end-plates is recorded. But it may be questioned whether 


the recruitment of fibres observed in a partly curarized muscle is entirely due 
to the increase in the end-plate potential, or whether a lowering of the muscle 
threshold also contributes. We have not tested this possibility but we believe 
that it is rather unlikely. Neither the membrane potential of frog skeletal 
muscle (Ling & Gerard, 1949; Dudel & Trautwein, 1954) nor the conduction 
velocity (Martin, 1954) are changed by stretch. Adventitious changes in the 
recording conditions did not contribute materially to the increase in the end- 
plate potential, for the peak-to-peak voltage of a directly excited muscle action 
potential seldom varied more than 5°% as the muscles were stretched. 


Factors influencing the facilitation 

The relation between the length of the muscle and the amplitude of the 
end-plate potential at first suggests that a change in the muscle fibres might 
account for the increase in the end-plate potential. However, early experi- 
ments will now be described which pointed to the intramuscular motor nerve 
endings as the site of the mechanism mainly responsible for the facilitation. 
It will be shown that agents which control the release of ak ie saa from 
the nerve endings influence the effect of stretch. 
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When two nerve volleys are sent into a curarized frog’s muscle in close 
succession, the second volley sets up a bigger end-plate potential than the 
first, because it activates more acetylcholine release units (del Castillo & Katz 
1954). An interaction between this facilitation and that produced by stretch 
is illustrated in Fig. 4a, 6. Each frame shows the end-plate response to two 
nerve volleys 13-6 msec apart. Record a was taken at a muscle length of 
34 mm, record 6 after stretching the muscle by 7 mm. In both cases the second 
end-plate potential was larger than the first, but in the stretched muscle, 
where the first response is already augmented, the response to the second 
impulse is relatively less increased (35%, in 6, as against 50% in a). Such 
a behaviour could be understood if stretch also. caused the release of more 
acetylcholine by mobilizing secretory units in the nerve endings, for fewer 


50/sec 
Fig. 4 Fig. 5 

Fig. 4. End-plate potentials recorded from sartorius. Each sweep shows the responses to two 
supramaximal nerve stimuli 13-6 msec apart. Throughout the experiment the muscle was 
treated with 4 x 10-*tubocurarine. a and b, responses in Ringer’s solution (Ca 1-8 mm, no Mg). 
c and d after addition of 7 mm-Mg. ¢ and f, after raising Ca concentration to 7-2 mm, no Mg. 
Records a, ¢ and e were taken at a muscle lengt): of 34 mm; 6, d and f at 41 mm. Calibration 
for a, b, e and f, 1 mV; for ¢ and d, 0-1 mV. Time: 60/sec. 

Fig. 5. Curarized sartorius showing end-plate potentials in response to a short train of thirteen 


herve impulses at 96/sec. a, muscle length 32-5 mm; 6, 40 mm. Calibration: 1 mV. Time 
50/sec, 
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latent units would then be available for recruitment by a second nerve impulse. 
In keeping with this, the occlusion between the facilitation by stretch and by 
previous activity becomes more striking if a longer train of stimuli is sent into 
the muscle. Fig. 5 shows, for instance, the response to 13 volleys at 96/sec at 
different muscle lengths. When the muscle is lax successive end-plate potentials 
increase considerably in amplitude, the potential contributed by each nerve 
volley exceeding the amplitude of the first end-plate potential up to about the 
tenth impulse. In the stretched muscle, on the other hand, the growth of the 
end-plate potentials is not so lasting; already the sixth end-plate potential is 
smaller than the first. As a result, the mean depolarization falls sooner: the 
height reached by the last end-plate potential is only slightly greater in Fig. 5a 
than in Fig. 50. 

In view of these findings it was of interest to study the effect of magnesium 
and calcium ions. These ions affect the output of acetylcholine from nerve 
endings in directly opposite ways, magnesium reducing, calcium increasing the 
amount of acetylcholine liberated by a nerve volley (del Castillo & Engbaek, 
1954; Hutter & Kostial, 1954). It might therefore be expected that in the 
presence of magnesium a larger margin of release units would be available for 
mobilization by stretch than in a preparation treated with extra calcium. The 
second and third lines of Fig. 4 show that these expectations were to some 
extent fulfilled. Records c and d were taken at ten times the previous amplifica- 
tion after adding 7 mm-Mg to the already curarized muscle, As before, the 
left-hand record came from the lax preparation, that on the right from the 
stretched muscle. The increase in the end-plate potential amplitude is now 
very striking. The first response in d is almost twice as large as the first 
response in ¢, and for the second responses the increase by stretch amounts to 
53%. After treatment with calcium, by contrast, the same change in length 
caused an increase in amplitude of only 19 and 11% for the first and second 
end-plate potential respectively (Fig. 5e, f). It is evident, however, that the 
interaction between the facilitation by stretch and by high calcium is of a 
complex kind. If the increase in the end-plate potential under different 
environmental conditions is expressed in absolute terms, it is found that on 
stretching in high calcium the voltage grows more than it does in the presence 
of magnesium. This suggests that calcium itself multiplies the number of 
subliminally excited units upon which the stretch mechanism draws, besides 
causing a greater proportion of the population to respond to a nerve volley. 
It will later be shown that stretch does in fact bring into action a mechanism 
different from that of treatment with calcium. 

The finding that the amplitude of the end-plate potential was increased by 
stretch in the presence of magnesium opened a new approach to the problem. 
However, before this approach was explored other experiments were made, and 
it will be helpful to describe them at this stage. 
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Inorease in the frequency of the miniature end-plate potentials 
Fatt & Katz (1952) have found that stretching a muscle causes an increase 
in the rate of discharge of the spontaneous miniature end-plate potentials. It 


seemed possible that this phenomenon might be related to the present study, 
and we therefore repeated this observation in more detail. Fig. 6 shows 


Fig. 6. Miniature end-plate potentials recorded from a toe muscle fibre. A, lax muscle; 
B, after stretching by 3mm. Duration of oscilloscope sweep: 1-8 sec. Calibration 1 mV. 


sections of typical records taken from the same end-plate at different muscle 
length, and a quantitative summary of the results is given in Table 1. The 
increase by stretch in the frequency of the miniature potentials has many 
characteristics which resembled the increase in the amplitude of the end-plate 
potential. It was a constant phenomenon found in every fibre; the onset of 
the effect was immediate and it showed no obvious adaptation in the course of 
time; whenever the recording electrode remained in position the effect could 
be shown to be reversible, and in several experiments a rough proportionality 
between the increase in frequency and the degree of stretch existed. 

We therefore studied the effect of magnesium on this phenomenon, for 
although it is known that the frequency of the miniature potentials is not 
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affected by this cation (del Castillo & Katz, 1954a), magnesium does greatly 
reduce the increase in frequency produced by depolarizing the nerve endings 
with an external current (del Castillo & Katz, 1954d). The second column in 
Table 1 gives the results obtained in seven fibres taken from two preparations 
treated with 10 mm-Mg. As far as can be judged from this sample the minia- 
ture discharge accelerates during stretch as much in the presence of magnesium 
as in preparations treated with magnesium-free solutions. 


TaBLE 1. Increase in the frequency of the miniature end-plate potentials on stretching 
toe muscles under different environmental conditions 


A B C 
Normal Ringer’s 
soln. (1-8 mu-Ca; gry soln. 0-68 mm-Ca; 
no Mg) +10 mu-Mg 14 mu-Mg 
Percentage increase in 61 92 21 
miniature ©,p.p. 47 66 73 
frequency mm 61 4l ll 
increment in length 28 21 48 
14 26 5 
52 5 33 
35 42 24 
25 _ 13 
24 57 
33 
17 — 
28 
Mean and s.p. 35415 42425 32422 
Site of the facilitation 


We were now in possession of enough facts to predict that in a muscle 
blocked with magnesium the size of the end-plate potential and the frequency 
of the miniature potentials would change in the same direction on varying 
the length. Two approaches thus lay open towards a more direct proof of the 
pre-junctional origin of the facilitation. First, it might be possible to show 
that the average number of acetylcholine release units activated by a nerve 
volley is related to the length of the nerve endings. Secondly, a relationship 
between the frequency of the miniature potentials and the amplitude of the 
end-plate response might exist. In practice both points could be tested at the 
same time in preparations treated with enough magnesium to reduce the 
response to a nerve volley to the firing of only a few units. 

The procedure adopted was similar to that used by del Castillo & Katz 
(19546). The miniature potentials were recorded with a slowly sweeping spot, 
and at a certain point in each sweep a nerve volley was sent into the prepara- 
tion. Under the chosen environmental conditions (14 mm-Mg, 0-67 mm-Ca) 
only @ proportion of nerve impulses produced a response, which consisted 
usually of the firing of a single unit, but could be distinguished from the 
random miniature potentials by its constant position on the sweep. In Fig. 7 A, 
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taken from a lax muscle, the response frequency was very low indeed. In only 
three of the twenty trials illustrated did a unit discharge. On stretching the 
muscle (Fig. 7B) the response frequency increased: eight responses and ten 
failures may now be counted in the illustrated section. Usually about 200 trials 
were made at each length to estimate the probability of failures. The mean 
quantal content of the end-plate response (m) was then calculated from the 
equation 
number of trials 
number of failures’ 


which has been tested by del Castillo & Katz (19545), who showed the applic- 
ability of Poisson’s law so long as only a few release units are activated. In 
the experiment described, m increased from 0-19 to 0-49 on stretching the 
muscle by 5-5 mm, Turning now to the miniature potentials, three may be 


Fig. 7. Toe muscle fibre treated with 0-68 mm-Ca and 14 mm-Mg, showing spontaneous miniature 
end-plate potentials and responses to single nerve impulses. A, lax muscle; B, after stretching 
by 5-5 mm. In each record a vertical line is drawn through the stimulus artifacts. Duration 

Of oscilloscope sweep 0-38 sec. Calibration, 1 mV. 
40 
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counted in Fig. 7A and eleven in Fig. 7B. When all sweeps were considered 
the frequencies came to thirty and sixty-nine miniature potentials per minute 
in the lax and stretched preparation respectively. That is, the increase in the 
spontaneous discharge rate was approximately the same as the increase in the 
quantal content of the end-plate potential. In all, ten experiments of this 
kind were made under constant environmental conditions, records being taken 
in some fibres at three or four lengths. The results are summarized in Fig. 8. 


200 F- 
L 4 
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Fig. 8. Relation between frequency of miniature end-plate potentials and mean number of release 
units (m) responding to a nerve stimulus. Results from ten fibres studied at different muscle 
lengths. 


For each fibre the average number of release units responding to a nerve 
volley was approximately proportional to the frequency (f) of the spontaneous 
miniature potentials at different fibre-lengths. In those junctions, moreover, 
where the frequency of the miniature potentials was low, the probability of 
eliciting a response to a nerve volley was also low. Conversely, a high rate of 
spontaneous discharge in a fibre was generally accompanied by a comparatively 
large elicited response. If it were permissible to extrapolate from these observa- 
tions at high magnesium and low calcium concentrations to normal environ- 
mental conditions, it might be supposed that the fibres that showed a small 
mean response in Fig. 8 would be among those with a lowest end-plate 


| 
potenti 
A rela 
potent 
length 
depen 
4 averag 
(8.D. + 
increas 
coeffic! 
to the 
In 
7 minia 
memb 
that 
diame 
plate | 
Direct 
facili 
among 
of the 
calciu 
the 0} 
poten 
j howe 
hand 
influe 
links 
indice 
to ac 
| Play 
spon 
forme 
synth 


NEUROMUSCULAR FACILITATION BY. STRETCH 621 


potential, and therefore the first to fail when the muscles were relaxed. 
A relation might therefore exist between the safety factor in transmission at 
different junctions in a muscle and the frequency of the miniature end-plate 
potentials. 

It will be noted that Fig. 8 gives no information about the changes of muscle 
length. The muscles were stretched by 1-6-6 mm, the degree of stretch possible 
depending on the flexibility of the electrodes and other circumstances. On the 
average m increased by 25-4 °%, per mm stretch (s.p. + 13-1), f by 31-7 % per mm 
(s.p. + 21-5). There appeared to be some relation between the percentage 
increase in f and m in the different fibres stretched, the rank correlation 
coefficient being 0-77, but the sensitivity to stretch did not seem to be related 
to the absolute value of f or m in the lax fibres. 

In a number of experiments an increase in the average amplitude of the 
miniature potentials by 10-20° was seen on lengthening the muscles, the 
membrane potential remaining apparently constant. Professor Katz tells us 
that an effect of this magnitude may be attributed to the decrease in the 
diameter of the muscle fibres, Part of the observed augmentation in the end- 
plate potential may therefore be due to this subsidiary mechanism. 


DISCUSSION 
Possible mechanisms 
Direct evidence for the mainly pre-junctional origin of the neuromuscular 
facilitation by stretch is provided by the increase in the probability of response 
among acetylcholine release units which may be seen when the unit content 
of the end-plate potential is reduced by the use of magnesium and of low 
calcium concentrations. It is evident, however, that stretch has not simply 
the opposite effect of this abnormal ionic environment. Calcium increases, — 
Magnesium decreases the unit content of the end-plate potential without a 
significant change in the frequency of the spontaneous miniature end-plate 
potentials (Fatt & Katz, 1952; del Castillo & Katz, 1954a). On stretching, 
however, the unit content and the rate of the spontaneous discharge increase 
hand in hand. We must therefore suppose that the various agents which 
influence the release of acetylcholine from the nerve endings act on different 
links in the chain of events, If the frequency of the miniature discharge 
indicated how easily the liberation of transmitter proceeds, stretch would seem 
to act at a later stage than calcium and magnesium. These cations may then 
play a role in the electro-secretory coupling in the nerve endings. But the 
spontaneous discharge might equally well depend upon the number of pre- 
formed units of acetylcholine available within the nerve endings, and then 
stretch might act at a comparatively early stage, perhaps by increasing their 


synthesis. We will therefore consider both the possibility of a change in the 
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properties of the membranes of the nerve endings, and the possibility of a 
change in their metabolism. 

When the motor nerve endings are depolarized by passing a current through 
the terminal portion of the axon the rate of firing of the miniature end-plate 
potentials increases (del Castillo & Katz, 1954d). The effect is graded, ceases as 
soon as the current is withdrawn, and with weak currents the change is not 
unlike the increase in miniature frequency observed on lengthening a muscle. 
Del Castillo & Katz have also noted an increase in the size of the end-plate 
response to a nerve volley in a few cases when cathodal block did not intervene. 
A simple hypothesis therefore seems at hand: it might be suggested that the 
motor nerve terminals are depolarized by stretch and that the higher prob- 
ability of spontaneous and elicited responses is due to a change in the membrane 
properties whereby the release of acetylcholine is facilitated. One fact, how- 
ever, makes this hypothesis apparently untenable; the increase in the miniature 
frequency produced by cathodic currents is abolished by magnesium (del 
Castillo & Katz, 1954d); the speeding up produced by stretch, by contrast, is 
not influenced by this cation. We must therefore at present conclude that any 
depolarization produced by stretching is not responsible for the observed 
phenomena. 

The possibility that the membrane potential of the motor nerve endings 
may be increased by stretch therefore needs consideration. By analogy with 
the known behaviour of sensory nerve endings, this possibility seems unlikely. 
But it should be recalled that polarizing currents may increase the size of the 
end-plate potential and the frequency of the miniature potentials, although 
the latter does not take place in a graded manner (del Castillo & Katz, 1954d). 
It is also known that the facilitation of transmission by repetitive stimulation 
is linked to the development of positive after-potentials (Lloyd, 1949; Brown 
& Holmes, 1955), and that the increase in the end-plate potential seen after 
a motor-nerve tetanus (Feng, 1941; Hutter, 1952) is accompanied by an increase 
in the frequency of the spontaneous miniature potentials (Brooks, 1956). 
A hyper-polarization of the motor nerve endings might therefore underlie the 
observed similarity between the effects of stretch and of repetitive stimula- 
tion. But unfortunately this hypothesis cannot be tested until methods for 
recording potential changes in the motor nerve endings become available. 

Turning now to metabolic changes which may lead to an increase in the 
membrane potential, or to a greater synthesis of acetylcholine, Feng’s (1932) 
experiments on muscle come to mind. He observed a rapid increase in the heat 
production of resting sartorii when they were stretched. More recently Harris 
(1954) has found that sodium is put out more rapidly by stretched than by 
lax muscles. It seems possible, therefore, that a similar rapid increase in the 
resting metabolism might occur also in the nerve endings. But it is difficult to 
see how either the heat production, or the ionic fluxes, could be studied in 
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nerve endings embedded in a large mass of muscle. It would be interesting, 
however, to know whether metabolic inhibitors influence the various known 
facilitations of neuromuscular transmission. 

There remains the possibility that a change in the geometry of the nerve 
endings uncomplicated by membrane potential and metabolic changes may 
be primarily responsible for the phenomena. If the nerve endings were folded 
more channels for the release of acetylcholine might be made available as they 
are lengthened and straightened. Such a scheme has the merit that it takes 
into account the proportional relationship between the increase in length and 
increase in the end-plate potential amplitude but it does not lend itself at 


present to experimental tests. 


Functional significance 

In the present experiments the muscles were stretched from the shortest 
length which the unstimulated, excised preparations would take up without 
obvious folding, to lengths at which the twitch tension had once more fallen 
below the maximum obtainable value. The variations in length which may 
occur within the body thus probably lie within the middle third of the range 
covered. It must be supposed, therefore, that the safety factor of neuro- 
muscular transmission may vary in the course of voluntary muscular move- 
ment; but this can be of functional signficance only when a subliminal fringe 
of fibres exists, as in certain muscles of the frog (Kuffler, 1952). In other 
muscles the safety factor may fall during fatigue. It is doubtful, however, 
whether lengthening the muscle will then facilitate transmission, for we have 
seen that stretch mainly alters the temporal pattern of acetylcholine release, 
more transmitter being liberated by the early, but not by the later volleys of 
a tetanus. A prompter and more complete response of any system working at 
a low margin of safety, rather than a defatiguing action (cf. Hutter & Loewen- 
stein, 1955) might therefore be expected. It is noteworthy in this connexion, 
that a mechanism is here provided for a system which could respond to a pull 
with a contraction without any change in the nervous outflow. 


SUMMARY 


1. In partly blocked nerve-muscle preparations of the frog the twitch 
tension increases many times as the muscle is stretched. Most of this effect is 
due to a recruitment of muscle fibres that have previously failed to contract. 
Over a wide range, the number of fibres recruited is proportional to the degree 
of stretch. 

2. The neuromuscular facilitation is brought about by a growth of the 
end-plate potential. In curarized preparations its amplitude varies linearly 
with the muscle length. 
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3. Stretch increases the end-plate potential most when its ‘quantum 
content’ is least. 


4. When the number of acetylcholine release units responding to a nerve 
volley is reduced by the use of high magnesium and low calcium concentrations 
it may be shown that stretch increases the probability of response among units. 

5. The rate of discharge of miniature end-plate potentials increases on 
stretching hand in hand with the response elicited by a nerve volley. 

6. These findings indicate that the facilitation is mainly of pre-junctional 
origin: a structural change in the motor nerve endings can improve their 
function. 
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ACTIVE TRANSPORT OF AMINO ACIDS BY SACS OF 
EVERTED SMALL INTESTINE OF THE GOLDEN 
HAMSTER (MESOCRICETUS AURATUS) 


By G. WISEMAN 
From the Department of Physiology, University of Sheffield 
(Received 31 May 1956) 


The small intestine of the golden hamster (Mesocricetus auratus) has been 
shown to be able to transport the L-forms of proline, histidine and methionine 
against a concentration gradient and that they compete for the mechanism 
concerned (Wiseman, 1955). It was also shown that the L-forms of lysine and 
ornithine are not transported actively and have no effect on the active trans- 
port of proline, glycine, histidine and methionine when present in equimolecular 
amounts. In experiments with rat small intestine it was found that active 
transport of the t-forms of alanine, phenylalanine, methionine, histidine and 
isoleucine occurs but not of glutamic and aspartic acid (Wiseman, 1953). In 
1952 Pinsky & Geiger published results of experiments in the rat in which it 
was shown that the rate of L-histidine absorption in vivo is decreased by 
L-tryptophan, and in 1954 Harper, Benton, Winje & Elvehjem showed that 
an excess of leucine in the diet prevents the normal utilization of isoleucine by 
the young rat. As an interpretation of the accumulated data it was suggested 
(Wiseman, 1955) that the mechanism for active transport of amino acids by 
the intestine is limited to the mono-amino-mono-carboxylic acids and that 
they compete with each other for this mechanism. The experiments described 
below were carried out in order to obtain data in regard to the ability of the 
hamster small intestine to transport actively threonine, alanine, serine, valine, 
hydroxyproline, phenylalanine, isoleucine, leucine and tryptophan. It is shown 
here that, apart from tryptophan, all these amino acids are transported 
actively, and the results of these experiments and those of Wiseman (1955) 
show that the amino acid best transported is proline and the descending order 
for the others is threonine, alanine, glycine, serine, valine, histidine, hydroxy- 
proline, phenylalanine, isoleucine, leucine and methionine. 
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METHODS 


Preparation of tissue. The method used for preparing and filling sacs of everted small intestine 
of the hamster was that described by Wilson & Wiseman (1954). Six sacs, each of about 3 cm 
length, were obtained from each small intestine (jejunum and ileum). At least three animals were 
used for each investigation of an amino acid. 

Measurement of initial and final volumes. The initial volume of fluid (serosal) introduced into 
the carefully drained sac of everted intestine (about 3 cm length) was recorded from the 1 ml. 
tuberculin syringe which was used for the introduction of the fluid. This serosal fluid volume was 
initially between 0-5 and 1-0 ml. The final volume of the serosal fluid was estimated by draining 
the sac of ite fluid contents and weighing the fluid obtained. The increase in the volume of the 
serosal fluid during the experimental period was considered to be the volume of fluid transferred 
from mucosal to serosal sides. The volume of fluid (mucosal) in which the sac was placed at the 
beginning of the experimental period was 20 ml. Occasionally the serosal volume of a sac decreased _ 
during the experimental period. Such sacs were discarded. 

Experimental procedure. The sac, filled with a known volume of amino acid solution, was placed 
in a 150 ml, Erlenmeyer flask containing 20 ml. of the same amino acid solution as was used for 
filling the sac. The air in the flask was then replaced with a gas mixture of 5% CO, +95 % O, and 
the flask tightly stoppered. The flask and its contents were then kept at 37° C and continuously 
shaken for 1 hr by the use of a Warburg bath (rate of shaking 80 oscillations/min, amplitude 5 cm). 
At the end of 1 hr the sac was removed from the flask, ita surface drained, and its fluid contents 
recovered and weighed. Samples of initial amino acid solution and final serosal and mucosal fluids 
were analysed for amino acid concentrations. A short length of thread ligature left at one end of 
the sac facilitates the removal of the sac from the flask. 

Amino acid solutions. The amino acids (all of the L-form) were commercial samples of chemically 
pure grade and were used without further purification. They were dissolved in a bicarbonate saline 
(Krebs & Henseleit, 1932) containing 0-3% glucose and the solution was gassed with 5% CO, + 
95% O,. The initial concentration of all the amino acid solutions was 20 mm. 

Dry weight. After removal of the serosal fluid the sacs were laid on Whatman no. 50 filter-paper, 
and the ends beyond the ligatures cut off and the ligature thread discarded. Excess surface fluid 
was then removed and the tissue dried for 2 hr at 110° C and weighed: the dry weights were of the 
order of 25-35 mg. 

Chemical estimations. Tryptophan was estimated by the colorimetric method of Spies & Chambers 
(1948). Alanine, phenylalanine, leucine, isoleucine, valine, serine and threonine were estimated by 
decarboxylation with a 10% (w/v) solution of chloramine-T in a citrate buffer of pH 2-5 and in 
the presence of 0-15 ml. 40% formaldehyde. The gas produced was measured manometrically by 
the use of conventional Warburg flasks and manometers and the final gas volume was measured 
after the reaction had been allowed to proceed for 20 min at 37° C. The rate of shaking of the flasks 
was 80 oscillations/min and the amplitude 5 cm. The presence of this amount of formalin has been 
shown to inhibit almost completely the production of N, during the reaction of chloramine-T with 
amino acids and from NH, present in the experimental solutions (Kemble & Macpherson, 1954). 
Table 1 gives the mole CO,/mole amino acid obtained with standard solutions of the various 
amino acids and these recovery factors were applied accordingly. 

Control experiments. In some experiments sacs of everted intestine were filled with and incubated 
in bicarbonate-saline and glucose without added amino acid in order to determine the amount of 
shloramine-T reacting material which might be liberated from the tissue. After incubation for 
1 br no chloramine-T reacting material was found in the mucosal fluid from these sacs, but a small 
’mount was found in the serosal fluid. The results of experiments in which amino acids were used 
were corrected to allow for this. 

Rate of transference and concentration gradients. The rate of accumulation of amino acid in the 
ferosal fluid during the experimental period is given in pl./mg dry wt. of sac/hr, and is referred 
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to as the rate of transference. The concentration gradient is the ratio of the amino acid concentra- 
tion in the serosal fluid to that in the mucosal fluid. Standard deviations were obtained using the 
formula for small samples. 


TaBie 1. Mole CO,/mole amino acid obtained by decarboxylation of amino acids 


with chloramine-T at pH 2-5 
Mole CO,/mole Mole CO,/mole 
Amino acid amino acid Amino acid amino acid 
Alanine 0-98 Phenylalanine a 
Hydroxyproline 0-95 Serine 
Isoleucine 1-04 Threonine 0-91 
Leucine 0-95 Valine 1-01 


(Each flask contained: 1 ml. sample; 1 ml. m-citrate buffer pH 2-5; 0-15 ml. 40% aqueous 
formaldehyde; 1 ml. 10% (w/v) aqueous chloramine-T. Reaction time 20 min; temp. 37° C.) 


TaBLe 2. Rates of transference of amino acids and concentration gradients 
developed by sacs of everted intestine 


Rate of transference Concentration gradient 


Amino acid (al./mg dry wt./hr) developed No, of sacs 
Proline* 14-043-2 2-08 + 0-18 9 
Threonine 12-032-7 1-90 40-28 14 
Alanine 11-543-5 1-82 + 0°32 12 
Glycine* 10-1424 1-6540-19 9 
Serine 8-8+ 2-2 1614019 15 
Valine 8-242-7 _ 1-4240-19 14 
Histidine* 5342-8 1-4240-22 12 
Hydroxyproline 6-341-8 1-36+40-14 12 
Phenylalanine 5-442-2 1-2440-11 ll 
Isoleucine 4041-2 1-19+0-09 13 
Leucine 4041-8 1:18+0-10 12 
Methionine* 3-341-9 1-1840-11 il 
Tryptophan 1140-9 0-90 + 0-05 7 


(Initial concentration of each amino acid 20 mM inside and outside sac. Mucosal vol. 20 ml. 
Serosal vol. 0-5-1-0 ml. Gradients are expressed as ratio of amino acid concentration on serosal 
side to that on mucosal side, Figures shown are mean and standard deviation. Experimental 
period 1 hr, 37° C.) 

* These results are taken from Wiseman (1955) and are included in this table for the sake of 
completeness. The experiments were performed under identical conditions. — 


RESULTS 


The recovery factors shown in Table 1 are in close agreement with those found 
by Kemble & Macpherson (1954) and except for phenylalanine and threonine 
show yields of CO, reasonably close to theoretical. Table 2 gives the rates of 
transference of the amino acids and the concentration gradients developed by 
the sacs. To improve the usefulness of the table the results obtained by Wise- 
man (1955) for proline, glycine, histidine and methionine have been included 
(the experiments having been performed under the same conditions). All the 
amino acids except tryptophan were transferred against a concentration 
gradient. In the case of tryptophan the final concentration ratio was less than 
1 owing to the increase in volume of the serosal fluid which occurs during the 
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course of the experiment, while movement of tryptophan in the direction of 
the concentration gradient resulted in a small rate of transference of the 
amino acid. 


DISCUSSION 


fe the above experiments all the amino acids except tryptophan were trans- 


ported actively and the concentration gradients developed were within the 
range found by Wiseman (1955) for proline, glycine, histidine and methionine. 
That tryptophan should prove to be an exception was unexpected, especially 
in view of the results of Pinsky & Geiger (1952) who showed that it decreases 
the rate of histidine absorption in live rats, presumably competing for the same 
transporting mechanism. The reason for the inability of the intestine to trans- 
port tryptophan actively is not apparent. It seems unlikely that its relatively 
large molecular volume prevents its being transported actively as its rate of 
movement with the concentration gradient (i.e. passive diffusion) is greater 
than that found by Wiseman (1955) for the smaller molecules lysine and 
ornithine. A consideration of the concentration gradients developed and the 
molecular volumes of the amino acids suggests that there is no simple relation- 
ship between the two, although the amino acids with a relatively small 
molecular volume (e.g. glycine, alanine and serine) are amongst those best 
concentrated. 

The nitrogen atom in the aromatic ring of tryptophan has no basic properties 


and tryptophan must be classed as a mono-amino-mono-carboxylic acid; on 


the other hand, one of the nitrogen atoms in the aromatic ring of histidine 
(which is well concentrated) does have basic properties. Proline and hydroxy- 
proline, both transported actively, have their nitrogen atom as part of a ring, 
but as it acts very much as it would were it in an open-chain secondary amine 
these amino acids must also be grouped with the simple mono-amino-mono- 
carboxylic acids. The suggestion (Wiseman, 1955) that the mechanism for 
active transport of amino acids by the intestine is limited to the mono-amino- 
mono-carboxylic acids should, therefore, be considered only as a general rule. 

Study of three-dimensional models of the amino acids has not led to any 
obvious relationship between a special molecular configuration and the degree 
to which an amino acid is concentrated. The rotation about bonds which occurs 
freely in most amino acids in solution makes any attempt to correlate degree 
of active transport with spatial arrangement almost impossible, especially 
in the absence of detailed and accurate knowledge of preferred configurations. 


SUMMARY 
1. Sacs of everted small intestine of the hamster have been used to deter- 
mine the concentration gradient developed during transference of amino acids 
from mucosal to serosal sides of the sac. The rates of such transference against 
@ concentration gradient were also estimated. 
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2. The sacs were found to transport actively threonine, alanine, serine, 
valine, hydroxyproline, phenylalanine, isoleucine and leucine. 

3. Active transport of tryptophan did not occur. 

4. The suggestion that the mechanism for active transport of amino acids 
by the intestine is limited to the mono-amino-mono-carboxylic acids should 
be considered only as a general rule. 

Part of the expense of this work was defrayed by grants from the Medical Research Fund of the 
University of Sheffield, and from the Medical Research Council. The technical assistance of Mr P. 
Price is gratefully acknowledged. The author wishes to thank Messrs L. Light and Co. (Colnbrook, 
Bucks) for generous gifts of amino acids. 
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CONCENTRATION ON THE MEMBRANE POTENTIAL 
OF FROG MUSCLE 


By R. H. ADRIAN* 
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concentration across the muscle fibre membrane are given. 
* George Henry Lewes Student. 


THE EFFECT OF INTERNAL AND EXTERNAL POTASSIUM 


The ability of potassium to depolarize the membrane of excitable tissues is 
well known, and the fact that there is a linear relation between the resting 
potential and the logarithm of the external potassium concentration has been 
taken as evidence that this potential arises from the difference between the 
concentration of potassium inside and outside the cell (Hober, 1905; Bernstein, 
1912; Hodgkin, 1951). In frog sartorius muscle this relation has been known 
for a long time, and recently internal microelectrodes (Graham & Gerard, 1946; 
Ling & Gerard, 1949) have been used to determine how well the experimental 
relation agrees with theoretical predictions (Ling & Gerard, 1950; Jenerick, 
1953; Harris & Martins-Ferreira, 1955). The present paper describes experi- 
ments in which the membrane potential of frog sartorius muscle was measured 
in solutions of different potassium content, and in solutions which were designed 
to alter the inside concentration of potassium keeping the outside concentra- 
tion constant. In order to be able to compare the membrane potentials in 
different solutions it is essential that the measurements are not altered by 
@ junction potential at the tip of the electrode. Nastuk & Hodgkin (1950) 
filled microelectrodes with 3 m-KCl to reduce the electrical resistance, and they 
assumed provisionally that such electrodes measured the membrane potential 
without introducing any junction potential error. However, forsome electrodes 
filled with 3 m-KCl, which on other grounds would appear perfectly suitable, 
. this assumption may not be true (Nastuk, 1953; del Castillo & Katz, 1955). 
The first part of this paper describes experiments designed to explain this 
anomalous junction potential, and to find a way to select electrodes which give 
reliable results, In the second part the results of altering the ratio of potassium 
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METHODS 
Materials 
All the experiments were done on sartorii from male frogs. Small or medium-sized muscles 
(<100 mg wet weight) were used in order to keep the equilibration time for the extracellular 
space and the intracellular water within reasonable limits. Muscles were left attached to the pelvic 
bone, which was split when paired muscles were needed, and the cut ends of other muscles attached 
to the pelvis were carefully removed. The experiments were done between the months of February 
and December at room temperatures between 13 and 23° C. No seasonal variation was observed. 


Apparatus 

Microelectrodes were made by machine from Pyrex tubing of approximately 1 mm outside 
diameter. The electrode puller, built to Alexander & Nastuk’s design (1953), produced electrodes 
with comparable characteristics at any given setting of the various controls. Electrodes were 
filled with 3 m-KCl by boiling for about 2 min at reduced pressure. The filling solution was 
carefully filtered before each batch of electrodes was filled. The resistance and tip junction 
potential (hereafter called tip potential) of each electrode were measured in Ringer’s solution 
(see p. 634). Electrodes with resistances less than 5 MQ. and tip potentials more negative than 
~5 mV in Ringer’s solution were rejected. 

Electrical apparatus. The microelectrode was fixed by a short length of rubber tubing to a glass 
tube containing agar-Ringer in contact with a chlorided silver wire connected directly to the grid 
of the input cathode-follower, The glass tube was mounted in the end of the cathode screen of the 
cathode-follower probe, and the whole probe was attached to a Prior manipulator (Nastuk & 
Hodgkin, 1950; Keynes & Martins-Ferreira, 1953). A conventional differential d.c. amplifier and 
cathode-ray oscilloscope were used. When only resting potentials were measured the grid of one 
of the two cathode-followers was earthed. A low resistance calibrator, with a Weston cell as a 
reference potential, was connected between the Perspex muscle bath and earth by an agar- Ringer 
bridge and an Ag-AgCl wire. This calibrator produced potentials of up to 210 mV in steps of 
1 and 10 mV, and was used to back off the deflexion of the oscilloscope trace which resulted from 
the penetration of a fibre. Membrane potentials were measured to the nearest mV, and unless 
otherwise stated eight penetrations were done on each muscle in each set of conditions. Measure- 
ment of the potentials by backing off made it possible to make a series of measurements in a very 
short time, and to use amplifications larger than could be used with photographic recording. Part 
of the output of the amplifier was taken to the grid of a thyratron oscillator driving a loudspeaker 
(Draper & Weidmann, 1951). The majority of impalements produced a very sharp change in the 
note from the loudspeaker, and those where the frequency change was not abrupt were rejected. 
The grid current of the input valve was 2x10-" A, an amount too small to have produced 
measurable errors. 

In order to overcome the difficulty of movement of the muscle when measuring the action 
potential, only a few fibres were stimulated at a time by a very small electrode. This electrode was 
made by sealing a 40 u platinum wire into the end of a glass tube and grinding a small flat surface 
at the tip with the wire at its centre. By lowering this electrode, connected to the stimulator by an 
isolating transformer, into close contact with the surface of the musclo, the fibres which were 
stimulated could be observed. The stimulus was then short-circuited and the microelectrode was 
lowered into one of these fibres. On releasing the short-circuit key several action potentials could 
be obtained without the electrode pulling out of the fibre. Some decline in the resting potential 
was always observed, probably owing to leakage round the tip of the electrode. Only the first 
action potential was photographed for measurement. A stimulating electrode of this kind pro- 
duces a large stimulus artifact. In order to reduce this, microelectrodes of similar resistance were 
attached to both cathode-follower probes, and the reference electrode was left just outside the 
muscle fibre close to the point of penetration of the internal electrode. 
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Solutions 

Distilled water, A.R. electrolytes, and recrystallized sucrose were used throughout. The inorganic 
constituents were made up as molar, half-molar, or tenth-molar stock solutions, measured volumes 
of which were mixed together and made up to a final known volume. Sucrose was added either 
as 4 solid or as @ molar solution. In the latter case the sucrose solution was made up freshly, and 
the final solutions which contained sucrose were stored in a refrigerator for not more than a week, 
after which they were discarded. All solutions which were used for treating muscles contained 
identical concentrations of CaCl, and phosphate buffer, which was a mixture of NaH,PO, and 
Na, HPO, calculated to give a pH of 7-2. The pH of solutions was checked with bromthymol-blue. 
Solutions of either KCl or NaCl alone were used in some of the experiments on the microelectrode 
tip potential. The composition of the normal Ringer's solution, which was made as simple as 
possible, is given in Table 1. To obtain higher concentrations of K+ ion, KCl was substituted for 
NaCl unless otherwise stated. 


TaBLE 1. Composition of normal Ringer’s solution; mm 


KGL CaCl,  Na,HPO, NaH,PO, 
2-5 115 18 2-15 0-85 


Composition of sulphate solutions with 10, 50 and 190 m-equiv/l. of potassium; mm 
KS0, Na,SO, CaCl, Na,HPO, NaH,PO, Sucrose 


5 55 18 2-15 0-85 72 
25 35 1-8 2-15 0-85 72 
95 1-8 215 0-85 


Sulphate solutions were made from half-molar stock solutions of Na,SO, and K,SO, (with CaCl, 
and buffer). On the basis of lowering of freezing-point data 95 mm-K,S0, is isotonic with normal 
Ringer's solution, and this was checked by weighing muscles in both solutions. Sulphate solutions 
with a potassium concentration of 100 m-equiv/l. or less contained 120 m-equiv/l. of sulphate, 
and the osmotic deficit was made up with 72 m-mole/l. of sucrose. Sulphate solutions with a 
potassium content of less than 10 m-equiv/l. were not used because muscles twitch spontaneously 
in these solutions, The full composition of sulphate solutions containing 10, 50 and 190 m-equiv/I. 
of potassium is given in Table 1. Muscles survive well in solutions containing sulphate (Katz, 
1949). Even after prolonged treatment with isotonic K,SO,, the excitability of the outside fibres 
is restored within about 2 min of transferring the muscle to normal Ringer’s solution. The resting 
potential reaches normal values within half an hour. This delay may be due to the diffusion of 
potassium from the extracellular space. 


Estimation of intracellular potassium and sodium 

Muscles were carefully cut from the pelvic bone and, after blotting with an ashless filter-paper 
(Whatman no. 542), were suspended from the arm of a 100 mg torsion balance by about | cm of 
fine cotton thread tied to the tendon. After weighing, each muscle was hung from a pin in the 
_sork of a specimen tube and dried in an oven at 100° C. The dry muscle with its thread was 
weighed, and after cutting the muscle from its thread the dry and wet weights of the thread were 
found. The dry and wet weights of the muscle alone were expressed as a percentage, and from this, 
assuming the extracellular space was 125% of the wet weight (Desmedt, 1953), the fibre water 
was calculated. The dry muscles, in platinum crucibles, were put into a furnace overnight at 
520-580° C. The ash was washed into Pyrex volumetric flasks, and the resulting solution was com- 
pared in an Evans Electroselenium flame photometer with a standard containing 100 »mole/. 
KCl and 50 umole/l. NaCl. Volumetric flasks of 50 or 100 ml. capacity were used to bring the 
final potassium concentration reasonably close to that of the standard. The concentration of 
potassium in the muscle (Cy) was expressed in m-mole/kg wet weight, and from it the intracellular 
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concentration (C,,. in m-mole/kg fibre water) was found by means of the formula (Boyle, Conway, 
Kane & O'Reilly, 1941; Desmedt, 1953): 

01250, 

tw. 1-[(Dry wt./Wet wt.) + 0-125] 

where C, is the concentration of the particular ion in the external solution. The usual precautions 
against contamination of the samples, particularly by sodium from the glass of the flasks, were 
taken. 


RESULTS 
The influence of the tip potential on membrane 
potential measurements 
Three observations on the behaviour of microelectrodes, made in the course 
of some preliminary experiments, showed that measurements with unselected 
electrodes could not be accepted uncritically. The first was that some electrodes 
with high resistance which penetrated the membrane of the muscle fibre with- 
out apparent damage gave very low resting potentials in normal Ringer’s 
solution. In the most extreme case, the mean of nineteen impalements with 


“an electrode of resistance 36 MO was 58-7 + 0-6 mV (s.£. of mean). The second 


observation was that two electrodes might give very different mean values for 
the resting potential of the same muscle, and that this difference was statistic- 
ally significant. The third observation was that breaking an electrode which 
gave low values for the resting potential, if it was still usable, immediately 
increased the measured resting potential to about 90 mV. In all these cases 
faults in the recording apparatus were carefully excluded. The possibility 
that some kind of junction potential could account for these observations was 
increased when it was shown that though the resting potential might be very 
low the total size of the action potential was not significantly altered. In 
fifteen impalements with four electrodes, five before breaking and ten after 
breaking, the mean resting potential before breaking was 64+2-5 mV, and 
after breaking 88+1-8 mV (¢ test, P<0-001). The corresponding values for 
the action potential were 119+3 mV before breaking and 125+2 mV after 
breaking (P > 0-1). 

In order to measure the tip potential of an electrode the Ag-AgCl wire 
connected to the grid of the input valve was surrounded by agar-Ringer 
(Fig. 1) as in the arrangement used by Nastuk & Hodgkin (1950). In pre- 
liminary experiments this wire made direct contact with the 3 m-KCl in the 
electrode, so that owing to the difference of concentration of chloride at the two 
Ag-AgC! wires, the grid of the input valve was always negative toearth. In the 
absence of an electrode, with the agar-Ringer in the cathode-follower probe in 
direct contact with the Ringer’s solution in the bath, the potential of the grid 
did not differ from earth potential by more than 1 mV. This was checked 
regularly, and the agar-Ringer in the probe was replaced when necessary. 
The introduction of an electrode filled with 3 m-KCl should not alter the 
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potential of the grid as the junction potentials at the two new junctions should 
be equal. Frequently this is not the case and the grid may be as much as 
60-70 mV negative to earth. Not only was the grid current too small 
(2x 10-" A) to account for this potential, it was in the wrong direction and 
would have made the grid positive to earth. If the tip of an electrode with 
a large tip potential is lowered on to the bottom of the bath so that it is broken 
(shown by a substantial fall in resistance) the potential is immediately 
abolished. 


Test solution Ringer's * T 
solution 


Fig. 1. Diagram of muscle bath and microelectrode mounting. To measure the tip potential the 
output of the calibrator was adjusted until closing switch S produced no deflexion of the 
oscilloscope trace. 


Fourteen unselected electrodes, of known resistance (range 7-120 MQ) and 
tip potential, were used to measure the resting potential of two muscles. In 
Fig. 2 the mean resting potential obtained with each electrode (+ 8.8. of mean) 
is plotted against its tip potential in Ringer’s solution. On four occasions both 
the resistance and the tip potential rose suddenly to new stable values, and 
the mean resting potential before and after the change, attributed to blocking, 
ate included. One electrode changed twice in this way. From the data of these 
two experiments correlation coefficients r were calculated for the three 
variables, tip potential (TP), microelectrode resistance (MeR), and resting 
potential (RP) treated as a positive quantity. The total and partial correlation 
coefficients are given in Table 2. Large variations of the resting potential 
Measurement can be introduced by the microelectrode, and though this 
etror seems to be directly related to the tip potential, electrodes of high 
Tesistance are more likely to give rise to this trouble than electrodes of low 
Tesista nce. 
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The mechanism of the tip potential 

The effect on the tip potential of solutions of different concentrations of restil 
KCl and NaCl outside the tip is shown in Fig. 3. The = system was used the t 
to measure the tip potential: Whil 


Ag-AgCl.agar-Ringer . test solution . microelectrode 3 m-KCl quan 
. agar-Ringer . Ag-AgCl. 


The results were corrected for the measured junction potential at the junction 
of the agar-Ringer and test solution. The results in Fig. 3 are from a single 
electrode, and show that the inside of this microelectrode was always more 
negative when the outside ion was sodium rather than potassium. If the tip 
potentials in 125 mm-NaCl and KCl are assumed to represent roughly the tip 
potentials in Ringer’s solution and intracellular fluid, then as the tip of the 
electrode passes from the outside to the inside of the cell, the measured resting 
potential will be the true resting potential minus the difference between the 
tip potentials in KCl and NaCl. To test this idea the tip potentials of a series 
of electrodes were measured in 100 mm-KCl and 100 mm-NaCl. In Fig. 4 the 


95 


> 
Resting potential (mV) 
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Tip potential (mV) 


Fig. 2, The effect of the tip potential on the measured resting potential of two muscles in 
normal Ringer’s solution. Abscissa: tip potential in mV. Ordinate: mean resting potential 
in mV + the standard error of the mean. 
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difference (TPgcj—TPyac:) is plotted against the tip potential in 100 mm- 
NaCl (closed circles). On the same graph the difference between the measured 
resting potential and an arbitrary value of 90 mV (90— RP) is plotted against 
the tip potential in Ringer’ s solution (open circles; replotted from Fig. 2). 


While the agreement is not perfect, over a wide range of tip potentials both 
quantities are of the same order of magnitude. 
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Fig. 3. The effect of solutions of NaCl and KCl on the tip potential of a single electrode. Abscissa: 
the concentration in mm (logarithmic scale) of NaCl (solid circles) and KCl (open circles). 
Ordinate: the potential of the inside of the electrode with respect to the surrounding solution 
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Fig. 4. The difference in tip potential in 100 mm-NaCl and KCl, TPxq - TPxacq, plotted against 
the tip potential in 100 mm-NaCl, and the deficit in resting potential, 90 - RP, plotted against 
the tip potential in Ringer’s solution. Different electrodes were used for the two sets of 
measurements. Abscissa: TPx,, -TPx.c,: (solid circles) and 90 — RP (open circles) in mY. 
Ordinate: tip potential in mV. 
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If the Planck equation (Planck, 1890) is assumed to hold for the liquid 
junction at the tip of the electrode, then this equation can be used to calculate 
the expected size of the junction potential and to gain some idea of the possible 
causes of the tip potential. The Planck equation was chosen in preference to 
the Henderson equation as the latter applies only to junctions free from the 
effects of diffusion. Planck postulated a junction where the two solutions were 
separated by a layer of constant thickness in which diffusion of electrolyte 
from the two sides maintained a steady state. Using the mean activities of the 
solutions of KCl] and NaCl and, as an approximation, the mobilities at infinite 
dilution, the Planck equation predicts that the potential of the inside of the 
microelectrode in either 100 mm-KCl or 100 mm-NaCl would not be more than 
+2mV. If the mobility of the chloride ion in the tip of the electrode were 
reduced to zero but the mobilities K+ and Na+ were unchanged TP,,, would 
be —78 mV and TPgq,—TPyaq would be +95 mV. In Fig. 3 the corres- 
ponding values are —37 mV and +11 mV. There appears to be a considerable 
discrepancy between the measured results and those predicted by assuming 
that only the mobility of the anion is affected. Apart from the uncertainty of 
the assumptions and the effect of diffusion from the tip of the electrode, a 
further possibility exists to explain this discrepancy. Michaelis (1926) and, 
more recently, Sollner, Dray, Grim & Neihof (1955) have produced collodion 
membranes which are not only impermeable toanions, but which also exaggerate 
the difference of mobility of cations. They suggest a porous structure for these 
membranes with a poresize which restricts the movement of the hydrated sodium 
ion more than the smaller hydrated potassium ion. The anion impermeability 
is supposed to be due to fixed negative charges in the walls of the pores. If 
a microelectrode were to become blocked with some substance, possibly a 
protein, which reproduced these conditions in the tip of the electrode, a system 
would be set up which would explain the large difference in tip potential in 
KCland NaClsolutions and the relatively small absolute size of these potentials. 
If the mobilities of Cl- and Na* were reduced to a third and a fifth respectively 
of their free solution values, approximate agreement would heobtained between 
the values for TP;,,, and TPy,,, in 125 mm solutions predicted by the Planck 
equation and the values for the particular electrode of Fig. 3. That some form of 
blocking is essential for the production of a tip potential is suggested by the 
fact that the tip potential may suddenly change to a new value, an increased 
negativity being accompanied by an increase in resistance. Sudden changes in 
tip potential are particularly liable to occur when the electrode is being with- 
drawn from a muscle fibre. In this case the oscilloscope trace does not return to 
the base-line. Occasional very large resting potentials (110 mV in norma! 
Ringer’s solution) were seen, but they were never abruptly established and were 
rejected for this reason (del Castillo & Katz, 1955). It is possible that in these 
cases a tip potential is established on penetration and abolished on withdrawal. 
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_ In the experiments reported in the rest of this paper the uncertainty intro- 
duced by the tip potential has been minimized by using electrodes which had 
tip potentials between 0 and —5 mV. Each electrode was tested shortly after 
filling and only electrodes with tip potentials less negative than —5 mV and 
resistances more than 5 MQ were retained for use. Only one out of about 250 
electrodes had a positive tip potential (+5 mV, see Fig. 4). A proportion of 
the electrodes selected shortly after filling developed large tip potentials on 
storing, so before a series of impalements the tip potential was measured in 
the solution bathing the muscle. Once again electrodes with tip potentials 
more negative than —5 mV were rejected. (When the bathing solution contains 
sulphate as the anion there is a junction potential between the solution and the 
agar-Ringer bridge connecting the bath to the calibrator which must not be 
mistaken for a tip potential.) This selection procedure involved a large wastage 
KS. ef electrodes—just over half of all the electrodes with a resistance greater 
than 5 MQ had to be rejected at the first testing—but the increased reliability 
of the results justified the time spent on it. 


The resting potential in normal Ringer’s solution 

The resting potential of thirty-seven muscles from twenty-nine frogs was 
measured in normal Ringer’s solution. These muscles had been soaked in 
normal Ringer’s solution for between half and one hour from the completion 
of the dissection. Hight impalements were made on each muscle, and the mean 

- Testing potential and the standard error of the mean were calculated for each 

- Inuscle to the nearest 0-1 mV. The average of the mean resting potentials was 
92-2 mV (range 87-9 to 95-3 mV), and the average standard error of these 
means was +0-5 mV (range +0-3 to +1-3mV). An analysis of variance of 
the resting potentials of the eight pairs of muscles shows that while the 
differences between the pairs from different frogs are very highly significant 
(P<0-001), the differences between the means of muscles of a pair are not 
significant. The standard deviation of a single penetration on one muscle is 
+ 1-9 mm, and the standard deviation of the difference between the means of 
muscles of a pair is + 0-7 mV. This estimate of the standard deviation of the 
difference between muscles of a pair is itself subject to error, but it cannot have 
been greater than +1-7 mV, taking 5% confidence limits. 

Resting potentials and action potentials were measured on six muscles. The 
results are given in Table 3. The internal potassium concentration of fourteen 
similarly treated muscles was estimated in order to find the value which cor- 
responded with the normal Ringer’s solution used in these experiments. The 
Mean internal potassium concentration was 139 +2 m-mole/kg fibre water 
(8.£. of mean). 

The resting potential and action potential found in these experiments do not 
differ greatly from the results of Nastuk & Hodgkin (1950), who used a 
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comparable Ringer’s solution and found values of 88+ 1 mV for the resting 
potential and 119 + 1 mV for the action potential. Nastuk (1953), who mentions 
the existence of the junction potential at the tip of the electrode, and devised 
a method of filling which he says gives lower tip potentials than the boiling 
method, found a mean resting potential of 92-8 + 0-5 mV and an action potential 
of 180+0-5mV. Fatt & Katz (1951), measuring the resting potential at the 
end-plate in both curarized and non-curarized muscles in a Ringer’s solution 
containing 2-0 mm-KCl and 113 mm-NaCl (with 3-6 mm-CaCl, and PQ, buffer), 


Tasxx 3. Resting and action potentials in normal Ringer’s solution for muscles 


from six frogs 
Action 
tial potential No. of 
Expt. (mV) (mV) observations 

55 92-240-5 133-1+40-7 8 
57 93-14+1-0 127-:141-9 9 
58 90-04 0-5 118-941-5 9 
90-5+0-5 126-340-7 9 
59 93-241-3 119-540-5 10 
91-740-5 124-9+40-8 9 

Average 91-8 125-0 


+ the standard error of the mean. 


found a mean value of 90 mV. Jenerick (1953) found a value of 82+0-6 mV 
for the mean resting potential of thirty fibres from seven muscles in a Ringer’s 
solution containing 2-5 mm-KCl and 113 mm-NaCl. It seems possible that the 
results of many previous authors, except Nastuk (1953), may have been affected 
to a greater or less extent by an unrecognized tip potential effect. 


Grundfest, Kao & Altamirano (1954), using a microelectrode technique, report that squid giant 
axons with resting potentials as low as 25 mV give propagated action potentials with overshoots 
of as much as 55 mV. This otherwise unexpected result would be explained if the zero potential 
had been shifted by the effect of the tip potential. Fig. 3 shows that in outside solutions of half 
molar strength TPx¢, - TP, may be quite large. Moreover, TP,,, in Fig. 3 (- 20 mV) is not 
the largest that has been observed in solutions of this concentration. 


The effect of the external potassium concentration on the membrane potential 

In order to determine the relation between the external potassium concentra- 
tion, [K],, and the membrane potential, the normal Ringer’s solution was 
modified by substituting equimolar quantities of KCl for NaCl. Boyle & 
Conway (1941) showed that though the fibre swells in solutions of this kind, 
the internal concentration of potassium, [K],, remains unchanged. Solutions 
containing more than 50 mm-KCl were not used because it was felt that the 


swelling produced when the sodium content was less than 70 mm would be 
likely to damage the fibre. 
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 0-5-50 mm-KCl. The membrane potential in these solutions is plotted against 
log [K ], in Fig. 5. Each point is the average of the mean membrane potentials 
from several muscles. All muscles had been left for at least 10 min in each 
solution before measurement, and when the same muscle was used in different 
solutions, they were applied in order of increasing potassium content. For 
the external potassium concentrations less than 2-5 mm, muscles were washed 
for }-1 hr in K-free Ringer’s solution. This treatment did not affect the resting 
potential measured subsequently in normal Ringer’s solution, nor did it appear 
to reduce the internal potassium concentration by more than a few per cent. 
Of each of two pairs of muscles one was washed in K-free Ringer’s solution for 
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Fig. 5. The effect‘of external potassium concentration on the membrane potential of the sartorius 
muscle. Abscissa: potassium concentration in mm (logarithmic scale). Ordinate: membrane 
potential in mV. O, membrane potential in chloride solutions; @, membrane potential in 
sulphate solutions; (, membrane potential in chloride solutions with half the normal 
concentration of NaCl. Where the number of muscles is not indicated by a figure in brackets 
the point is the average value of four muscles. The lines are drawn according to the equation 
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1 hr, while the other was left in normal Ringer’s solution. The washed muscles 
contained 145 and 143 m-mole/kg f.w. and the control muscles 148 and 145 
m-mole/kg f.w. The line in Fig. 5 is drawn according to the equation 
RT. 139 
E= In 

At concentrations of potassium below 25 mm the membrane potential is less 
than the equilibrium potential for potassium, though not by as much as has 
been previously reported (Ling & Gerard, 1949; Jenerick, 1953; Harris & 
Martins-Ferreira, 1955). 

To confirm that the internal concentration is not changed by solutions in 
which potassium is substituted for sodium, two solutions were made up con- 
taining the same amount of potassium (50 m-equiv/l.) but different amounts of 
sodium (70 and 120 m-equiv/l.). These solutions correspond to the two ways of 
increasing the potassium content of Ringer’s solution, by substitution of K+ 
for Nat, or by the addition of solid KCl to Ringer’s solution. The weight change 
of a muscle was followed in each solution by suspending the muscle from the 
arm of a torsion balance and weighing without blotting at 5 min intervals. 
After the base line had been established—the muscles showed a slow loss of 
weight in normal Ringer’s solution—the muscle was transferred to the new 
solution. In both solutions contracture occurred, followed by progressive 
relaxation, but in 50 mm-KCl and 70 mm-NaCl there was a large increase in 
weight, while in 50 mm-KCl and 120 mm-NaCl there was a small rapid loss of 


weight followed by a return to the base line. The membrane potential was — 


followed in other muscles in the same solutions, and the internal potassium 
estimated. In the solution with 70 mm-NaCl the membrane potential was 
about 26 mV and [K], was 144 m-mole/kg f.w. (normal 139 m-mole/kg f.w.) 
and in the solution with 120 mm-NaCl the membrane potential was 32-34 mV 
and [K], 187 m-mole/kg f.w. The results are given in greater detail in Fig. 6. 
Assuming equal activity coefficients, the potentials predicted by the equation, 
RT [K), 
| E= In 
are 26-6 and 33-2 mV. 

5-95 mm-K,SO,. Solutions with sulphate as anion were used so that high 
external concentrations of potassium could be reached without allowing the 
fibre to swell or the internal potassium concentration to change. At external 
potassium concentrations of 10, 25 and 50 m-equiv/l. the membrane potential 
in the sulphate solution does not differ significantly from that in chloride 
solutions of the same potassium concentration (Fig. 5). At first sight it would 
appear that at concentrations of potassium greater than 10 m-equiv/l. chloride 
cannot contribute to the membrane potential, because its removal and replace- 
ment with impermeable sulphate does not alter the potential. However, it 
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must be remembered that the activity of K+ in sulphate solutions is probably 
Jess than the activity of K+ in chloride solutions. The fact that there is no 
difference between the membrane potential in Cl- and 80,?- solutions may 
inean that the chloride contribution is equal and opposite to the effect of the 
smaller activity coefficient in the sulphate solutions (see Discussion). 

The regression line of membrane potential on log [K],, calculated for the 
mean membrane potentials of the four muscles in sulphate solutions containing 
25, 50 and 100 m-equiv/l. K+, has a slope which corresponds toa 52-3 + 0-64mV 
(s.z.) change for a tenfold change in [K], (the value of the membrane potential 
in 190 m-equiv/l. was excluded as the ionic strength of isotonic K,SO, is 


[K]=188 m-mole/kg f.w. 
32 
[K],=187 m-mole/kg f.w. 
29 
28 
as [K],=146 m-mole/kg 


[K],=143 m-mole/kg f.w. 


Percentage weight change Membrane potential (mV) 


i K]}, not estimated 
0 1 2 
Time (hr) 


mm The time-course of the weight change and the membrane potential of muscles in solutions 
containing 50 mm-KCl and 70 mm-NaCl (open circles), and 50 mm-KCl and 120 mm-NaCl 
(solid circles), Abscissa: time in hours. Ordinate: weight change as percentage of initial 

_ weight, and membrane potential in mV. The intracellular concentration of potassium at the 
end of the experiment is shown on the figure. 


greater than the sulphate solutions of lower potassium content), and this value 
i8 significantly different from the theoretical value of 58mV. It seemed 
possible that this difference might be explained if the muscles, which were 
exposed to the solutions in order of increasing potassium content, were able 
to expel Na* in exchange for K*, and could maintain a lower internal sodium 
concentration when the external concentration of sodium was low. To test this 
point, the internal ionic concentrations of sixteen muscles were estimated, four 
from cach of the sulphate solutions. The results are given in Table 4, together 
With the mean resting potentials in each solution (the measurements of the 
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membrane potential and internal concentration were made on different 


muscles). While the internal sodium concentration does appear to fall, there 


is no corresponding increase in the internal potassium concentration (mean of 
sixteen muscles 142 m-mole/kg f.w., cf. muscles from Ringer’s solution 
139 m-mole/kg f.w.: t test, P > 0-2). 


TaBix 4. The membrane potential and internal concentrations of muscles in sulphate 
solutions of high potassium concentration 


Membrane potential 
(m-equiv/l.) Muscle 1 Muscle 2 Muscle 3 Muscle 4 
41-2 +04 43:1 +03 41-6 +04 41-5 +0-4 
50 26-1 +0-2 26-6 +03 26-4 +03 25-4 +0-4 
100 10-1 +0-2 10-2 +03 10-9 +02 110 +03 
190 4-3*+0-3 4-4*+0-2 4-5*+0-2 4-0*+0-2 


Internal concentrations (m-mole/kg f.w.) 
(K], [Na}, (K}, [Na], [K}, (K}, (Na), 


25 135 +H 144 14 152 16 140 18 
50 is il 137 150 17 141 16 
100 145 139 139 138 7 
190 145 4 138 64 155 141 6 
Brackets indicate paired muscles: + standard error of the mean. 
* Inside positive. 


When the external potassium concentration exceeds the internal concentra- 
tion, the membrane potential reverses sign, the inside of the fibre becoming 
positive to the outside. This has been shown to occur in squid giant axons 
(Curtis & Cole, 1942) and in Sepia axons (Hodgkin & Keynes, 19554). 
Jenerick (1953), using frog sartorius, obtained a potential of 17 mV (inside 
negative) in 110 m-equiv/l. K+, but he added solid KCl to his normal Ringer’s 
solution so that [K]; would have been nearly twice the normal value. Harris & 
Martins-Ferreira (1955), using muscles of the South American frog Lepto- 
dactylus ocellatus which they state have an internal potassium concentration 
of 167-195 m-mole/kg f.w., found that the membrane potential in Ringer’s 
solution plus 147 mm-KCl was 16 mV (inside negative) but in 147 mm-KC! 
alone was 8 mV (inside negative). It seems likely that this difference can be 


accounted for by the different internal potassium concentrations to be expected 
in the two cases. 


The effect of the external concentration of sodium chloride on the membrane 
potential at low external potassium concentration 
The deviation of the membrane potential from the theoretical potassium 
potential at low external potassium concentrations is likely to be due to the 
permeability of the membrane to ions other than potassium. The membrane 
potential was therefore measured in solutions in which half the NaCl had been 
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replaced by sucrose (109 mm-sucrose is osmotically equivalent to 60 mm-NaCl). 
This was done at three external potassium concentrations, 0-5, 1-0 and 2-5 mm- 
KCl, and in each case a fall in membrane potential was observed (Table 5, 
Fig. 5). Nastuk & Hodgkin (1950) obtained a similar effect substituting sucrose 


Taste 5. The effect of halving the external sodium chloride concentration (tonicity main- 
tained with 109 mm/l. of sucrose) on the resting potential in low external potassium 
concentrations 
RP in RP in 


0-5 mu-KCl 
120 mu-NaCl 60 mmu-NaCl A 


3 
2 


Expt. (mV) (m-mole/kg f.w.) (mV) (m-mole/kg f.w.) 
72 120-4+40-5 135 31 
115-340-5 138 23 
121-9406 138 25 — _ — 
— 115-840-5 141 17 
73 120-5640-8 144 52 
_ 116-4+0-9 148 23 
119-5+0-6 139 35 
115-5+0-5 145 20 
1-0 mu-KCl 1-0 mm-KCl 
120 mmu-NaCl 60 mu-NaCl 
74 109-9 +0-5 137 32 
— 107-2+0-5 147 27 
109-4+.0-7 139 34 
— 106-8 + 0-8 143 32 
2-5 mu-KCl 2-5 mu-KCl 
120 mau-NaCl 60 mau-NaCl 
15 93:2+0°5 133 33 
94-04 0-5 139 26 
one 93-1+0-4 138 22 
76 92:9+0-5 144 19 
90-9+0-8 140 15 
89-6+0-5 149 16 


Brackets indicate paired muscles: + the standard error of the mean. 


for NaCl, but in 2-5 mm-KCl substitution of choline chloride for NaCl produced 
a slight rise in potential. This would suggest that chloride contributes to the 
membrane potential at these low values of [K]). The effect of halving the 
ionic strength of the outside solution, unless it caused some change in the 
membrane itself, would be to lower the potential by rather less than 2 mV (see 
Discussion). 
The effect of internal potassium concentration on the 

membrane potential 

- Variations of the internal potassium concentration were produced by 
treating the muscles in solutions of differing osmotic pressure but the same 
potassium concentration. The effect at high external potassium concentration 
Was investigated in sulphate solutions containing 75 m-equiv/l. of K+ and 
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45 m-equiv/l. of Na+ to which 0, 50, 100 or 150 m-mole/I. of sucrose had been 
added. The addition of 72 m-mole/l. of sucrose would have made the solution 
isotonic with normal Ringer’s solution. In the first experiment (Figs. 7, 8) 
four muscles were used, one at each sucrose concentration, and the membrane 
potential was measured at approximately 10 min intervals. For fibres on the 
outside of the muscle the half time of the potential change is about five minutes. 
Each muscle was left for 90 min in the test solution to allow the water move- 
ment in all the fibres to become complete, and the internal potassium concen- 
tration was then estimated in the usual way. In Fig. 8 the final value of the 
membrane potential of each muscle is plotted and through each point a line is 
drawn with the slope predicted by the Nernst equation (58 mV for a tenfold 
change in [K],). If the activity coefficients are equal, these lines should cut the 
abscissa when the internal and external concentrations of potassium are equal. 
The values for the internal potassium concentration obtained by analysis are 
marked by the arrows. 

The validity of the figures for the internal concentration depends upon the 
following assumptions: (1) that no sucrose or sulphate enters the muscle fibres 
in the 14 hr soaking period (Johnson, 1955); (2) that the water movement is 
complete in this time; and (3) that the extracellular space remains a constant 
fraction of the wet weight. The following points suggest that these assumptions 
are justified. The membrane potential in the outside fibres, having reached a 
new value in about 20 min, remains constant over the 1} hr period. Ifa muscle 
is weighed in normal Ringer’s solution to which 100 m-mole/l. of sucrose has 
been added, the weight loss, which is fully reversible, is complete within an 
hour and the weight does not increase after the new lower value has been 
reached. The third assumption is perhaps more uncertain, but when [K], = 
75 m-equiv/l. quite large variations in the extracellular fraction will not greatly 
affect the calculated intracellular concentration. At low external potassium 
concentrations the uncertainty due to the extracellular space will be larger, 
but the changes in internal concentration caused by a given change in the 
osmotic pressure are in fair agreement whether the external concentration of 
potassium is 2-5 or 75 m-equiv/l. 

The membrane potentials of twelve more muscles, three at each sucrose 
concentration, were measured after 30 min in the test solution, and the muscles 
were prepared for estimation after 1} hr. Four pairs of muscles were also used, 
but in this case the estimation was done on one of each pair which had been 
in normal Ringer’s solution only, and the membrane potential was measured 
on the second of each pair in the sulphate solution containing 75 m-equiv/l. 
K* and 50 m-mole/l. of sucrose. This test solution is slightly hypotonic to 
normal Ringer’s solution, and this is reflected in the fact that the mean 
internal concentration of the four muscles estimated directly from this 
solution (130 + 2-5 m-mole/kg f.w.) is significantly lower than the internal 
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Fig. 7. The time-course of the potential change when muscles are transferred to sulphate solutions 
containing 0, 50, 100 and 150 mm-sucrose and 75 m-equiv/l. of potassium. Abscissa: time in 
minutes. Ordinate: membrane potential in mV. The origin of the curves, which were drawn 
by eye, is taken from Fig. 6 by interpolation. 
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Membrane potential (mV) 


\. =137 \=163\.=187 m-mole/kg f.w. 
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Fig. 8. The membrane potentials of four muscles of Expt. 51 in sulphate solutions containing - 
75 m-equiv/l. K and 0, 50, 100 and 150 mm-sucrose. Through each point the theoretical line 
is drawn to find the external concentration at which the membrane potential would be 0 mV. 
The arrows mark the internal concentrations ci each muscle. Abscissa: potassium concentra- 
tion mm. Ordinate: membrane potential in mV. 
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potassium concentration of muscles estimated from Ringer’s solution 
(139 + 2 m-mole/kg f.w., t test, P=0-02). The collected results are given in 
Table 6. In Fig. 9 the regression line of log [K], on membrane potentials drawn 
for the data of Table 6, excluding the pairs of values obtained by estimating 
[K], on paired muscles. This line has a slope which corresponds to a 50-2 mV 
change in membrane potential for a tenfold change in the internal concentration, 
and the internal concentration which gives a membrane potential of 0 mV 
in 75 m-equiv/l. K+ is 64-8 m-mole/kg f.w. It is probable that both these facts 
can be accounted for by changes in the internal activity coefficient of potassium 
produced by changes of internal ionic strength. 

In order to calculate the activity coefficient of K+ in the external sulphate 
solution, which has an ionic strength (I) of 0-18, the Debye-Hiickel equation 
(Glasstone, 1942) 

—0-509 
40-3290 JI 


was used. The value for a, the diameter of the hydrated potassium ion, was 
taken as 3A (Conway, 1952). On this basis the activity coefficient of the 
potassium ion is found to be 0-704. Using this value, one can calculate the 
internal activity coefficients which would correspond to plus and minus the 
standard error of the regression line in Fig. 9 by means of the equation 


[K], 
f= 0-104 exp (HF/RT). 
The vertical lines in Fig. 10 join the two internal activity coefficients calculated 
in this way for each internal potassium concentration. The curve is the mean 
activity coefficient of solutions of KCl determined experimentally (from Con- 
way, 1952) at the same potassium concentration. Since the total cation 
concentration inside is greater than that outside, it is impossible that all the 
internal anions are univalent, so that the ionic strength of the solution inside 
the fibre is always greater than the ionic strength of a solution of KCl of the 
same potassium concentration. The lower calculated activity coefficient for 
potassium at an internal concentration of 140 m-mole/kg f.w. corresponds to 
an internal ionic strength of 0-175, Boyle & Conway (1941) calculated an 
internal ionic strength of 0-16. The ionic strength of the experimental solutions 
containing chloride is 0-12 which gives an activity coefficient for potassium of 
0-755 (Fig. 10). The two calculated activity coefficients for the potassium 
inside the fibre at normal concentration are 0-727 and 0-746, and these values 
give a ratio of internal to external activity coefficients of between 0965 and 
0-988. This is in satisfactory agreement with the usual assumption that the 


internal and external activity coefficients of potassium are equal when the 
muscle is in chloride solutions. 
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0 | 
75 100 125 150 200 
[K]; (m-mole /kg f.w.) 

Fig. 9. The effect of the internal potassium concentration on the membrane potential in sulphate 
solutions containing 75 m-equiv/l. K* and 0, 50, 100 and 150 m-mole/l. sucrose. The data 
are from Table 6 excluding Expt. 49. The line is the regression line of log [K], on membrane | 
potential, and the dotted lines are + one standard error. Abscissa: internal potassium : 
concentration in m-mole/kg f.w. Ordinate: membrane potential in mV. 


Tasiz 6. The effect of external osmotic pressure on the internal potassium concentration 
and on the membrane potential in sulphate solutions containing 75 m-equiv/l. K 


Membrane [K}, [Na], 

Expt. (mM) (mV) (m-mole/kg f.w.) 
51 0 10-4+0-2 110 6 
61 0 10-240-3 97 9 
0 10-4403 97 10 
0 10-9 +0-3 105 ll 
49 50 16-2403 133* 
50 15-6+40-3 142* 
50 16-1+40-2 139* 
50 15-5403 126* 
51 50 14-6406 137 10 
61 50 14-5403 132 20 
50 146+40-5 126 20 
50 15-0403 127 19 
51 100 19-240-2 163 9 
60 100 18°140-4 144 13 
100 17-3403 148 13 
100 17-84+0-4 154 17 
51 150 22-6+0-4 187 22 
60 150 22-1+0°8 167 25 
150 22-:0+0°8 167 27 
150 216404 175 19 


* (K], estimated on paired muscle (see text): + the standard error of the mean. 
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In a single preliminary experiment four pairs of muscles were soaked for 
50 hr at 2~3° C in a solution containing 0-2 mm-KCl, 120 mm-NaCl with normal 
calcium and buffer concentrations. Desmedt (1953) showed that muscles 
under these conditions lose potassium and gain sodium. After the long soaking 
four of the muscles were prepared for estimation and the other four were 
transferred to sulphate solution containing 75 m-equiv/l. K+, 45 m-equiv/|. 


085 


80 100 120 140 160 180 200 
[K] (mM) 


Fig. 10. The effect of concentration on the calculated internal activity coefficient of potassium. 
The vertical lines represent the range of internal potassium activity coefficient calculated by 
the method described in the text, and the continuous line is the mean activity coefficient for 
solutions of KCl. Abscissa: concentration in mm. Ordinate: activity coefficient. 


Na*, and 50 m-mole/l. of sucrose. Measurements of the membrane potential 
were begun within 5 min of the transfer to high potassium solution. The mean 
membrane potential of the muscle which was measured first was 25 mV, the 
inside of the fibre being positive to the outside. The scatter of the values for 
individual fibres was large, and a proportion of the fibres of each muscle were 
coagulated, so that the muscles could not be considered to be in very good 
condition, though all the muscles were excitable at the end of the soaking 
period. The muscles measured subsequently also showed reversed membrane 


potentials (inside positive), but after about 80min allthe muscleshad membrane | 
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potentials of about 10 mV, the inside of the fibre now being negative. The four 
muscles which were estimated at the end of the long soak in low potassium, 
had an average internal potassium concentration of 44 m-mole/kg f.w. and 
sodium concentration of 94 m-mole/kg f.w. This represents a much larger loss 
of potassium than Desmedt found, but this may possibly be due to the fact that 
inthese experiments the muscles were soaked in large volumes of low potassium 
solutions and were exposed on both sides to the solution. These internal 
concentrations represent the average concentrations of all the fibres of the 
muscle, and it seems possible that the outside fibres may have had concentra- 
tions even lower. Uncertainties of this sort make quantitative interpretation 
of little value, but this experiment certainly indicates that when the internal 
concentration of potassium is made less than the outside concentration by 
replacing internal potassium by sodium the membrane potential reverses sign. 
The falling off of this reversed membrane potential and its replacement by a 
potential of the normal sign (negative inside) could be explained if potassium 
entered and sodium left the fibres under these conditions. The greater part of 
this movement could have been entirely passive, because when the soaked 
muscles were put into the high potassium-low sodium sulphate solution, 
the normal concentration gradients of both potassium and sodium were 
reversed. 

At physiological external potassium concentration, 2-5 m-equiv/l., the 
effect of changing the internal potassium was investigated in the following 
manner. The resting potential of each of a pair of sartorii from the same 
frog was measured in normal Ringer’s solution. The mean values from 
paired muscles did not differ by more than 1 mV. One of each pair was then 
prepared for estimation, and the other was transferred to normal Ringer’s 
solution to which had been added 100 m-mole/l. of sucrose (Table 7). The resting 
potential was measured after half an hour, and the muscle prepared for estima- 
tion after 14 hr to allow for completion of water movement throughout the 
muscle. An increase of internal potassium concentration of 40-5 + 1-3 m-mole/ 
kg f.w. raises the resting potential by 4-4+0-3 mV. This corresponds to a 
39:4 + 3-4 mV change for a tenfold change in [K], (s.z. of means). 

Table 8 gives the results of lowering the internal potassium concentration. In 
order to keep the external sodium concentration the same, the two comparison 
solutions contained; besides buffer and CaCl,, in the one case 90 mm-NaCl 
and 60 mm-sucrose, and in the other 90 mu-NaCl. Both solutions contained 
2-5 mm-KCl. The sucrose-containing solution was slightly hypertonic to normal 
Ringer’s solution, as NaCl was replaced by sucrose on a stoichiometric basis, 
and this is reflected in the somewhat higher average value for [K],. The resting 
potential was not increased, but this is probably due to the fact that both 
sodium and chloride concentrations were lower than in normal Ringer's 
solution. The same experimental procedure was used as in the experiments of 
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Table 6. A decrease in the internal potassium concentration of 23-2 + 3-3 m- 
mole/kg f.w. reduces the membrane potential by 2-6+ 0:34 mV. This cor- 
responds to a 35-9 + 6-9 mV change for a tenfold change in [K’,, (s.£. of means). 


TaBLe 7. The effect of raising the osmotic pressure on the internal potassium concentration 
and the resting potential in normal Ringer's solution (2-5 mm-KCl) 


RP in 
Ringer’s 
RP in solution 
solution ~ sucrose 
Expt. (mV) (m-mole/kg f.w.) (mV) (m-mole/kg f.w.) 
52 92:140-4 143 24 
91-340-4 — — 96-6 + 0-5 183 35 
90-8 + 0-3 137 22 
90-9+0-4 95-8 +0-3 179 36 
62 92-5+0-5 131 24 — — 
92:7+0-6 — 96-3+0-3 174 32 
93-1+0-4 140 18 — 
92-5+0-6 — 97-1403 177 32 
Av. 92-0 138 22 96-45 178 34 


Brackets indicate paired muscles: + the standard error of the mean. 


Tasxe 8. The effect of lowering the osmotic pressure on the internal potassium concentration 
and the membrane potential in solutions containing 90 m-mole/l. NaCl and 2-5 m-mole/l. KCl 


Membrane 
tential Membrane 
in 2-5 mm-KCl potential 

90 mm-NaCl [K}, [Na] in26mm-KCl_ [K], [Na], 
60 mM-sucrose cr A —, 90 mm-NaCl_ - A 
] Expt. (mV) (m-mole/kg f.w.) (mV) (m-mole/kg. f.w.) 

67 93-1+40-5 149 19 — 

93-6+0-8 89-84 0-5 120 15 

90-440-3 148 21 — — 

90°5+0-3 — 88-2+0-5 120 12 

69 90-2+0-3 137 14 

89-3+0-3 88-0+0°5 116 5 

90-6+0-3 142 18 — — 

90-4+0-4 — 87-8+0-6 127 

Av. 910 144 18 88-45 121 10 


DISCUSSION 


The main conclusion of this paper is that the membrane potential depends 
upon the internal and external concentrations of potassium, both at high 
external potassium concentration, and at the physiological concentration. 
Falk & Gerard (1954) found that the membrane potential of the sartorius 
muscle in Ringer’s solution was not altered when 3 m solutions of KCl and 
NaCl were injected through a microelectrode. The discrepancy between their 


results and those of the present paper are unexplained, and more experiments 
are needed to resolve it. 
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At high external potassium concentrations the membrane of the sartorius 
muscle appears to obey the Nernst equation for a potassium electrode, 


at least to a first approximation. This must mean that at high values of [K]p, 
either the permeability of the membrane to potassium is higher than to other 
ions, or that any ion with a high permeability is distributed passively in 
accordance with the membrane potential within a very short time. There is 
unfortunately very little evidence to show which of these possibilities is the 
case, Levi & Ussing (1948) showed that radioactive chloride exchanges with 
inactive chloride with a half time of about 10 min. This exchange may have 
been considerably slowed by the rate of diffusion in the extracellular space 
(Harris & Burn, 1949; Keynes, 1954), so that the true half time may have been 
considerably shorter. Since the membrane potential measurements were made 
on the outside fibres after 10-15 min, it seems possible that the chloride 
redistribution might be almost complete in these fibres. Boyle & Conway 
(1941) showed that for solutions in which KCl replaces NaCl the volume changes 
of the whole muscle after 2 hr at room temperature (provided that the increase 
in volume was not greater than about 50%) agreed well with the volume 
changes predicted by their theory, an essential assumption of which was 
_ 

[K]p | 
When solid KCl was added to Ringer’s solution, this condition was obeyed 
over a large range of KCl concentration (12-300 mm-KCl). The membrane 
potential in sulphate solutions does not differ from that in chloride solutions 
of the same potassium concentration, so that if the activity of the potassium 
ion in the two types of solution is taken into account, the contribution of 
chloride to the membrane potential cannot be greater than 2 mV 
RT/F \n (0-755/0-704). 

Kither the permeability of potassium is much greater than that of chloride, or 
the chloride ions redistribute themselves until the ratio of internal to external 
concentrations is very nearly equal to exp (—#F/RT). There is no informa- 
tion about the intracellular concentration of chloride in solutions where the 
external anion is almost all sulphate. 

The slope of the regression line of membrane potential on log [K], in sulphate 
solutions corresponds to a 52°3mV change for a tenfold change in [K}. 
A possible explanation for the difference between this value and the theoretical 
58 mV is that the membrane permeability to sodium is about a thirtieth of 
the permeability to potassium (assuming that the chloride ion is distributed 
passively according to the potential). In the physiological range of — 
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potassium concentrations, making the same assumption about the distribution 
of chloride, the ratio of sodium to potassium permeability would have to be 
about 1:100. At first sight it seems odd that the selectivity of the membrane 
should fall with increasing depolarization, since the potassium conductance is 
thought to undergo a maintained increase and the sodium conductance a 
transient increase when the fibre is depolarized (Hodgkin & Huxley, 1952). 
However, if the inactivation of the increased sodium conductance were not 
complete a decreased selectivity might result. 

There is little evidence to indicate how the permeabilities to potassium, 
sodium, or chloride vary with increasing external potassium concentration. 
At high external potassium concentrations the constant field equation for the 
membrane potential (Goldman, 1943 ; Hodgkin & Katz, 1949) 


RT + Py, [Na]; + PolCl]y 
F PolCl), 


is relatively insensitive to changes in Py, so that it is difficult to decide from 
membrane potential measurements alone how Py, or P. vary in relation to 
P,. Hodgkin & Katz (1949) found that a larger value of Py was needed to 
fit the data of Curtis & Cole (1942) on the squid axon membrane potential in 
varying potassium concentrations, when the external potassium concentration 
was high. In Sepia axons, poisoned with DNP to make the fluxes of ions 
passive, Hodgkin & Keynes have shown that the potassium conductance, 
9x, Tises about 25-fold for a 20-fold increase in the external potassium 
concentration (calculated from Hodgkin & Keynes, 19555, Table 8). The 
potassium conductance is defined as 


9x — Ex), 


where J; is the membrane current transported by K+ and is equal to 
F (influx — efflux), and EZ and Fy are the membrane potential and the potas- 
sium equilibrium potential respectively. On the assumptions of the constant 
field theory, gg would be expected to increase with increasing [K], even if Px 
were constant, but it is difficult to say whether gy increased by more than 
could be accounted for by this theory assuming a constant P,. Harris & Burn 
(1949) showed that both the influx and efflux of potassium, in the sartorius 
muscle increase when the external concentration of potassium is raised. 
However, since the influx at least included an active component and both 
fluxes are subject to a somewhat uncertain correction for diffusion, it is diffi- 
cult to draw any conclusion about the rate of rise of g,. 

Jenerick (1953) concluded that the total membrane conductance, Gy, of the 
sartorius muscle did increase more rapidly than could be explained by the 
constant field equations, assuming a constant value for P,, when [K], was 
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raised. The constant field assumptions lead to the following expression for 
Gy (Hodgkin & Katz, 1949, equation 6-0): 


wy 
Ou= (pry BP 
y=(K],+ 


w=(K}, +58 Ne b+ 72 


Jenerick used the above equation in the form 


E F y 
exp 


Gy was measured by inserting two microelectrodes into the same fibre and 


finding the extrapolar spread of a square wave of current passed through one of 
them. Py,/P, and P./P, were assumed to be constant, and they were found 
by fitting the constant field equation for the membrane potential to his data 
for E against log [K],. He then plotted exp (— EF/RT)—1 against y/Gy and 
found a straight-line relation. From this he concluded that EP, was constant 
and therefore that P, must have increased as £ fell. However, it appears that 
his values for the membrane potential may have been subject to junction 
potential errors (see p. 640), and he assumed a constant value of 125 mm/kg f.w. 
for [K],. But because he added solid KCl to his Ringer’s solution, [K],; must 
have increased progressively, and this throws doubt not only on his values for 
Py, /Px and Pq/P,, but also the value of y at the various external potassium 
concentrations. The latter must have increased more rapidly than he calcu- 
lated, so that EP, must have fallen as E decreased. The uncertainty of the 
membrane potential measurements and the degree of potassium accumulation 
does not allow any conclusion about the constancy of Px to be drawn from 
Jenerick’s data. 

In the physiological range of external potassium concentration the membrane 
potential is below the potassium equilibrium potential. In normal Ringer's 
solution (2°5 mam-KCl) this difference is about 10 mV. If the fibre is in a steady 
state this must mean that either a substantial fraction of the intracellular 
potassium is bound, or that there is an active uptake of potassium by some 
metabolic process. There is evidence that part of the potassium influx is 
directly linked to the active sodium efflux both in Sepia (Hodgkin & Keynes, 
1955) and in frog muscle (Keynes, 1954). At low values of [K], the variation 
of the membrane potential with log [K]} is less than the theoretical 58 mV for 
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a tenfold change of [K],. This is usually explained by the fact that the 
membrane is slightly permeable to sodium and chloride ions. The experiments 
in Table 4 suggest that chloride may be an important factor in the membrane 
potential at low external potassium concentrations, but it is impossible to fit 
the constant field equation to the data. Indeed it is impossible to fit this 
equation to the values of the membrane potential in the range of external 
potassium concentration 0-5-5 m-equiv/l. (Fig. 6). Taking the value for the 
membrane potential in 0-5 m-equiv/l. as 120 mV and in 2-5 m-equiv/l. as 
92 mV, the values for the fraction 


+ + PolCllo 

must be 117-5 and 38-6 respectively. Assuming the denominator remains 
constant and [Cl], is constant, the value of +P [Cl],/Pg would 
be 0-48. From this the denominator can be calculated and is found to be 115. 
But [K], is 139 m-mole/kg f.w. so that the denominator can hardly be less than 
this figure. Nevertheless, even at low external potassium concentration, the 
membrane potential is not independent of the internal concentrations when 
these are changed by changing the osmotic pressure of the surrounding fluid. 
The inability of the constant field equation to describe the membrane potential 
adequately need not cause surprise or concern as it is based on a very simplified 
idea of the membrane. However, the discrepancy emphasizes the need to find 
out much more about the internal concentrations of potassium, sodium, 
chloride, and possibly hydrogen ion, and how they are maintained and con- 
trolled under various conditions. 


SUMMARY 


1. Conventional glass microelectrodes filled with 3 m-KCl are not free from 
junction potentials, and unless the electrodes are carefully selected, can intro- 
duce large errors into membrane potential measurements. 

2. The observations on the tip junction potential are consistent with the 
view that this potential is produced by some substance blocking the tip of the 
electrode which reduces the mobility of the chloride ion and exaggerates the 
difference of mobility of the sodium and potassium ions. 

3. The average resting potential of frog sartorius muscle in Ringer’s solution 
containing 2-5 mm-KCl is 92-2 mV. Pairs of muscles from the same frog appear 
to have resting potentials more nearly equal than muscles from different frogs. 
The normal internal potassium concentration is 189+2mm/kg fibre water 
of mean). 

4, At external potassium concentrations greater than 25 m-equiv/l. the 


membrane potential depends primarily upon the ratio of the internal and 
external activities of potassium. 
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5. At physiological external concentrations of potassium the membrane 
potential is not independent of the internal concentration when this is altered 
by changing the external osmotic pressure. 


I am greatly indebted to Professor A. L, Hodgkin, Mr A. F, Huxley and Dr R. D. Keynes for 
much helpful discussion throughout the course of this work. I am also very grateful to the Super- 
intendent of the Medical Division, The Chemical Defence Experimental Establishment, Porton, 
for permission to publish some of the preliminary observations on the electrode tip potential. 
The expenses of this work were met by grants from the Rockefeller and Nuffield Foundation. 
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PATTERNS OF URINE FLOW IN HUMAN SUBJECTS DURING 
A PROLONGED PERIOD OF LIFE ON A 22-HOUR DAY 


By P. R. LEWIS, MARY C. LOBBAN anp T. I. SHAW 
From the Physiological Laboratory, University of Cambridge 
(Received 1 May 1956) 


One of the most marked features of the diurnal excretory rhythm in man is the 
regular trend in the rate of urine production which occurs during the 24 hr 
of a normal day. Under ordinary conditions, the occurrence of high rates of 
flow is confined to the hours of wakefulness and activity, so that the diurnal 
excretory pattern is characterized by oliguria during normal nocturnal sleep 
and increased salt and water excretion during the day (Pieron, 1913; 


present at birth, it begins to appear during the first few weeks of life (Beyer & 
Kayser, 1949) and, once established, it is remarkably difficult to disrupt. 
Evidence of this is provided by the work of Stanbury & Thomson (1951), Mills 
(1951) and Mills & Stanbury (1952), who have shown that the renal rhythm 
will persist for some days in spite of the suspension of cyclic activities, the 
substitution of 12 hr cycles of food and rest for the normal 24 hr cycle, or a 
complete reversal of the 24 hr cycle. There is no doubt that the approach 
employed by these workers is an extremely useful one, but when the experi- 
mental rhythm differs markedly from the normal 24 hr rhythm it does impose 
& severe strain on the subjects and may lead to difficulties in satisfactory 
adjustment to the new rhythm. It seemed possible that this strain might be 
considerably reduced if the experimental cycle approximated more closely to 
the normal one of 24 hr. It is also difficult to carry out such an experiment 
for any prolonged period of time under ordinary laboratory conditions: in fact, 
in none of the recent work mentioned above were the experimental subjects 
kept on the abnormal cycles for a length of time greater than 6 days. The 
present paper describes an attempt to overcome these difficulties: a small 
group of experimental subjects was taken to an isolated part of Spitzbergen, 
where these subjects lived for varying periods of time on a 22 hr day. During 
the summer months there is little difference between day and night in either 
light or temperature at such a latitude (approximately 79° north), and the 
subjects were able to lead an interesting and active life while participating 
fully in the experiment. 
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METHODS 

Eight subjects lived as an isolated community in Central Spitzbergen from 27 June to 28 August 
1953. The ages of the subjects, five male and three female, ranged from 21 to 33 years, and none 
of them had any previous history of renal disorder. During this time the average difference 
between maximum and minimum external environmental temperatures, recorded daily, was only 
8-7° F (48° C), while the average difference between maximum and minimum temperatures in 
the huts where the subjects lived was 18-0° F (10°C). No periods of darkness or of dusk were 
experienced throughout the experiment. 

For the major part of the time the subjects lived on a 22 hr routine, and specially adjusted 
wrist-watches, showing 12 hours during 11 ordinary hours, were used to facilitate strict adherence 
to the experimental rhythm, even when the subjects were away from base. 


Tasxe 1. Daily routine on experimental recording days 
Time (Times on 3.8.7. for control days, experimental time for other days) 


Reveille 
08.30 Breakfast, followed by one cigarette for smokers. nen sebetetery 
10.00 Urine sample 2 collected. Camp chores; laboratory 
11.00 ee ee with one cigarette for smokers 
12.00 Urine sample 3 collected. Laboratory work; prepare lunch 
13.00 Lunch. Wash up, etc. 
14.00 Urine sample 4 collected, followed by one cigarette. Laboratory work; gentle exercise in 
the environs of camp; tary occupations 
16.00 Urine sample 5 collected 
16.30 Tea, with one cigarette for smokers. (Taken in the laboratory by those engaged in 
ing results.) Sedentary occupations 
18.00 Urine sample 6 collected. Laboratory work; sedentary occupations; prepare supper 
20.00 Urine sample 7 collected 


20.15 Supper, fo wed by one cigarette for smokers. Wash up; laboratory work; bring in wood 
and water 

22.00 Urine sample 8 collected 

22.15 Milk-drink night-cap, plus last cigarette for smokers 

22.30 All subjects not eng in labora work start going to bed—to be in their sleeping- 
bags by 23.00 hr. Subjects in laboratory work to be in bed by 23.30 hr 


On certain days during the experimental period urine samples were collected at 2-hourly 
intervals to determine the pattern of excretion: and on these days activity, diet and fluid intake 
were controlled as closely as possible. A daily time-table was drawn up, setting down the times 
of all activities permitted on days during which actual values were recorded (Table 1). Values 
obtained on days when the times of meals diverged by more than 15 min from those set down in 
the time-table have been discarded. Subjects returning from field work, where they had always 
been living by the 22 hr clock but had sometimes been taking a considerable amount of exercise, 
' were always kept for 2 days at base on a full experimental routine before any recordings were taken 
which have been included in the results. No heavy exercise was permitted on experimental 
recording days, and subjects were discouraged from taking even light exercise during the 15 min 
immediately preceding the times at which urine samples were collected. No alcohol was taken 
on recording days, and smoking was only permitted as set out in the daily time-table. In view of 
the long period covered by the experiment, the menu had to be varied slightly from day to day, 
but the foods taken and the amounts of food consumed by individual subjects at each meal were 
controlled to have the same daily calorific value. A typical recording-day menu is shown in 
Table 2. With regard to the fluid intake, on the first control day (24 hr time) subjects chose whether 
they would go on the ‘ordinary fluid intake’ (1400 ml. per day) or the ‘higher fluid intake’ 
(1600 ml. per day), and thereafter adhered to the same intake of the same fluids at the same times 
on all recording days, | 

Values for volume, specific gravity, pH and conductivity of urine were recorded in the field, 
and small quantities of some 75 % of the samples collected were stored under toluene and brought 
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beck to Cambridge for further analysis for such constituents as sodium and potassium. Control 
readings on 24 hr days were taken on all subjects at the beginning and end of the experiment. 
It is proposed to deal only with the variations in water excretion in the present paper: the results 
for sodium and potassium are reported separately. 


TaBie 2. Typical food and fluid intake for individual subject on an experimental recording day 
08.30 Breaifast Food: 4 oz. porridge 


11.00 Mid-morning Drink: 200 ml. ‘Bovril’ 
13.00 Lunch Food: 200 ml. so 


16.30 Tea Food: } oz. ‘Ryvita crisp-bread’ 
oz. butter 
1 oz. milk chocolate (half daily ration) 
Drink: 200 ml, 
20.15 Supper Food: 38 oz. stewed steak 


4 oz. mashed potato . 
2 oz, reconstituted dried cabbage 
1 “Lifeboat’ ration biscuits 


22.15 Night-cap Drink: 200 ml. cocoa, made with: 


Rest of chocolate ration (1 oz.) eaten while getting ready for bed. ip 3 
Total calorific value: 2600 kcal (McCance & Widdowson, 1946) (other menus: 2450-2800 kcal.), 
One 25 mg ascorbic acid tablet taken every alternate day. 


* M. of Transport specification. 


The experimental period can be conveniently divided into cycles, twelve experimental days 
(the equivalent of eleven 24 hr days) constituting one cycle. The days within each experimental 
eycle are denoted as 1 to 12, prefixed by the number of the cycle in Roman numerals; e.g. I (2), 
II (2), III (6), ete. Each subject is known by a code letter in the graphs. The code letters, given 
in alphabetical order of surnames, are as follows: 


Age Age 
Subject Sex (years) Subject Sex (years) 
A M, 27 E M. 25 
B F. 26 F F. 33 
C M. 29 G M. 23 
D F, 30 H M. 21 


The subjects lived on experimental time for varying periods, as follows: 


Sub C,Dand E 4} cycles Subjects G and H cycles 
Su A 4 cycles Subjects B and F cycles 


| 08. P 
1 bacon 
1 oz. ‘ Lifeboat’ ration biscuits * . 
+ oz. butter 
1 oz. marmalade 
Drink: 200 ml. weak tea (ordinary intake) b 
or 300 ml. weak tea (higher intake) 4 
3 oz. = beef 
4 oz. mashed potato | 
2 oz. reconstituted dried carrot 
4 oz. tinned apricots in syrup . | 
1 oz. sweetened condensed milk 
Drink: 200 ml, water intake) 
i or 300 ml. water (higher intake) . 
OZ. 
oz. processed cheese J 
Drink: 200 ml. water 
oz. cocoa powder 
i oz. powdered whole milk 
oz. sugar 
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RESULTS 


The excretion of water normally shows a well-marked diurnal rhythm, and the 
diurnal excretory pattern on control days is shown in Fig. 1, which gives the 
average values for the rate of urine flow computed from the results on all eight 
subjects. It can be seen that the volume of urine produced during the waking 
hours is substantially greater than that produced during sleep, and that the 
occurrence of high rates of flow (i.e. in this instance rates greater than 1-5 ml./ 
min) is confined to the period of time between 12.00 hr and 16.00 hr. 


Night 
35% 
£ 
é 
S 


00 02 04 06 08 10 12 14 16 18 20 22 24 
8.5.7. (hr) 


Fig. 1. The diurnal pattern of urine flow on control days in Spitzbergen: (a) average values for 
successive 2-hourly periods computed from the results for all eight subjects when living on a 
normal 24 hr routine; (6) average distribution of urine output between day-time (from 08.00 
to 20.00 hr B.s.T.) and night-time (from 20.00 to 08.00 hr) computed from the same data. 


If the persistence of a 24 hr rhythm were complete, it would be expected 
that once the subjects began to live on a 22 hr routine their excretory patterns 
would become progressively displaced as true and experimental times diverged, 
to be fully restored to normal as they converged again after 12 experimental 
days (11 real days). In fact, this expected displacement was complicated by a 
certain amount of actual disorganization of the normal excretory pattern. The 
degree of displacement and its time-course during the cycle varied con- 
siderably among the eight subjects, but in most subjects it did not change 
markedly over the three or four cycles of the experiment. 


The occurrence of high rates of flow 
One particular aspect of the disorganization mentioned above was the 
frequent occurrence of high rates of flow during sleep. Only one subject 
(subject A) showed a normal excretory pattern while living on a 22 hr day: 
i.e. his periods of high rates of flow were always confined to his waking hours, 
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with a decreased excretion of urine during his hours of rest. All the other 
subjects showed some indications of the persistence of a 24 hr rhythmicity. 
So marked was this that several of them suffered from frequent ‘nocturnal’ 
micturitions, due to high rates of urine production occurring during the first 
few hours after retiring to bed. These ‘nocturnal’ micturitions were experienced 
most frequently in mid-cycle, i.e. when the sleep period coincided with day- 
time in Great Britain. The frequency with which high rates of urine production 
occurred is plotted as a function of British Summer Time (8.s.7.) in Fig. 2, 


Yh) 


Percentage of values for rates of flow which exceeded 
20 mi./min (solid black), 1-6 ml./min (cross-hatched area) 


20 22 24 02 04 06 08 10 12 14 16 18 20 22 24 02 04 
B.S.T (hr) 


Fig. 2. The frequency of occurrence of bigh rates of urine flow during sleep plotted as a function 
of British Summer Time (8.s.T.). This graph includes the results for all eight subjects for all 
the sleep periods (on the 22 hr routine) over which urine samples were collected. Individual 
rates of flow were computed for the three intervals, each 2 hr long by true time, covering the 
period midnight to 06.33 hr by experimental time. For each 2 hr period of 8.s.1T., the 
columns show the percentage number of rates of flow which exceeded 2-0 ml./min (solid 
black) or 1-6 ml./min (cross-hatched area). Results for the period ffom 20.00 to 04.00 are 
duplicated in order to show more clearly the very low incidence of high rates of flow during 


the period coinciding with night-time in Great Britain. 


which includes the results for all eight subjects for all the sleep periods during 
which urine samples were collected. This method of plotting allows the results 
for all subjects to be used in such a way that the values for adapted subjects 
do not obscure the existence of a 24 hr rhythm in those who are unadapted. 
B.s.T. has been used because it is approximately solar time at the base longitude 
(16° east), and was the time-scale on which all the subjects had been living for 
Many weeks before the beginning of the experiment. In Fig. 2 the charac- 
teristics of a 24 hr pattern of urine flow are clearly shown, i.e. a very low 
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incidence of high rates of flow between 24.00 and 08.00 hr and a high incidence 
during the middle of the day. | 

The over-all pattern of high rates of urine flow, including those which occurred 
while awake as well as during the periods of sleep, gives a good indication of the 
persistence or loss of the intrinsic 24 hr rhythm in individual subjects. This 
pattern is best studied by plotting all the recorded periods of high rates of flow 
for any one subject on a time-grid which has B.8.T. as the y co-ordinate and 
experimental (22 hr day) time as the x co-ordinate. In Fig. 3 such over-all 
patterns are shown for subjects A and C. The most striking feature in each 
graph is the existence of a broad, continuous band devoid of high rates of flow. 


Subject A Subject C 


24 hr time 
24 hr time 


16 24 00 O08 16 24 
a 12 20 04 12 #20 
22 hr time 22 hr time 


Fig. 3. Two illustrations of the overall pattern of high rates of flow for individual subjects. Each 
black square represents the occurrence of a rate of urine flow greater than 2-5 ml./min over a 
period of 2 hr. Each such period is plotted on the time-grid with 8.s.r. as the y co-ordinate 
and experimental (22 hr) time as the z co-ordinate. The pattern so formed is a repeating one, 
the square enclosed by the inner line being one unit pattern. The interpretation of these 
patterns is discussed in the text. 

For subject A this band is a vertical one between 02.00 and 10.00 hr experi- 

mental time: that is, this subject is completely adapted to the 22 hr routine, 

with oliguria during sleep, irrespective of whether his sleep periods coincide 
with night-time in Great Britain or not. In contrast, for subject C the band is 

a horizontal one between 02.00 and 08.00 hr B.s.7., indicating a complete 

persistence of the 24 hr rhythm and a failure to adapt to the environmental 

time. Subjects A and C have been chosen because they represent the two 
extremes of behaviour. In fact, none of the other six subjects showed a com- 

plete disappearance of the intrinsic rhythm, and one (subject F) showed a 

persistence as marked as did subject C. 


The excretory pattern 
Fig. 4 shows the excretory pattern for one completely adapted subject (A) 
and one partially adapted subject (D) compared with that of two unadapted 
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subjects (C and KE) for the middle of cycle I. At 24.00 hr on day I (6) experi- 
mental time was exactly 12 hr out of phase with respect to B.8.T. (i.e. 24.00 hr 
experimental time=12.00 hr B.s.T.). It can be seen that the pattern for the 
adapted subjects closely resembles that for the normal (24 hr) day, while that 
for the unadapted subjects is reversed, the greatest rates of flow occurring 
during the hours of rest. Both non-adaptors experienced frequent ‘nocturnal’ 
micturitions at this point in the cycle. 


4-0 4 Subjects A and D 


~ 


Subject C and E 


Urine flow (mi./min) 


° 


Experimental time in hours 


Fig. 4. A comparison of the rates of urine flow for adaptors and non-adaptors in the middle of the 
first experimental cycle. The data cover a period of just under 2 days, from 12.00 on day 5 up 
to 08.00 on day 7. The upper diagram shows the average 2-hourly rates for subjects A and D, 
and the lower one those for C and E. For subjects A and D the maximum rate of flow for each 
of the 2 days shown occurs between 12.00 and 20.00 by experimental time, much as it would 
on @ normal 24 hr routine. Though there are slight peaks at these times in the lower record, 
the most marked peaks occur at times which coincide with afternoon in Great Britain (as 
shown by the arrows indicating midday by 8.8.7.). 


The comparison between individual subjects is carried a stage further in 
Fig. 5, where the volume of urine produced between the hours of 08.00 and 
20.00 (period of maximum activity) and 20.00 and 08.00 (the sleep period and 
the time immediately preceding it) are compared. Subject A is taken as the 
complete adaptor and subject C as the complete non-adaptor. Subject A’s 
excretory pattern remained normal, no matter at what stage of the cycle he is 
considered, and he always produced more urine during his waking hours than 
during his sleep periods. Subject C showed a marked progressive disorganiza- 
tion of his excretory pattern, which became completely reversed about mid- 
cycle, so that he produced appreciably more urine during his sleep period than 
when awake. The urinary pattern for the non-adaptor, however, became re- 
stored to normal again towards the end of the cycle. It is interesting that even 
the adaptor, subject A, produced relatively more urine during the sleep period 
on the days near miftycle, although the change is not great enough to cause 
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any alteration in the excretory pattern. Subject D is included in this figure 
because this subject showed an unusual and somewhat misleading type of 
failure to adapt completely to the environmental rhythm in that the dis- 
organization of the excretory pattern became obvious only during the latter 
part of the cycle, rather than in mid-cycle: indeed, at mid-cycle this subject 
appears to have successfully adapted to the 22 hr period (see Fig. 4). 

Subject A 
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Fig. 5. Distribution of the urine output of three subjects between the periods 08.00 to 20.00 
(period of maximum activity) and 20.00 and 08.00 on successive days of the experimental 
cycle. In the diagrams on the left the percentage of the day’s output excreted between 
08.00 and 20.00 is shown in black; on the right the same data are re-plotted to show more 
clearly the progressive changes in distribution that occur during the cycle—each column 
indicates the extent to which output between 08.00 and 20,00 is more, or less, than 50%. 
All the relevant data obtained on the subjects have been used and the first column in each 
series is the mean value for their control days when living on a 24 hr routine. 


Inspection of the results for all eight subjects has shown that the subjects 
may be divided into three categories: the true and complete adaptor (subject 
A); the non-adaptors (subjects C and F); and a group lying between these two 
extremes, where indications both of the intrinsic and of the environmental 
rhythms are shown and where tendencies either towards adaptation or to lack 
of adaptation may predominate. In only one subject (subject E) was there 
any evidence of progressive improvement in adaptation during the experi- 


mental period. During cycle I this subject appeared as a non-adaptor but 
during subsequent cycles he appeared at times to be nearly as well adapted to 


the 22 hr routine (judged by his pattern of urine flow) as was subject A. 
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The quality of sleep in experimental subjects 

It is well known that peoples living in high latitudes often experience disorganization of their 
sleep rhythms during the continuous daylight of the summer months, and some anxiety was felt 
jest the subjects should have difficulty in sleeping regularly on the experimental routine. It was 
found, however, that the general quality of sleep in most of the subjects was good. Indeed, in four 
of the eight subjects (subject A, the adaptor; subject E, the progressive adaptor; subject G, from 
the intermediate group; and subject F, a non-adaptor) the quality of sleep enjoyed in Spitzbergen 
was very good indeed. The criteria here employed in assessing the quality of sleep are as follows: 

(i) These four subjects were invariably asleep within 30 min of getting into their sleeping bags. 

(ii) They either enjoyed virtually unbroken sleep from about 23.30 hr until reveille the next 
‘morning’ or, if roused during sleep by the need to micturate, they experienced no difficulty in 
getting to sleep again. 

(iii) They had to be roused at 07.55 hr each ‘morning’ to give the first urine sample of the day. 

(iv) The quality of sleep for these subjects was at least as good as the sleep which they normally 
enjoy in Great Britain, in a comfortable bed, during the hours of darkness. 

For one subject, subject H (in whose excretory pattern the 24 hr rhythm predominated, 
although signs of an environmental rhythm were present), the quality of sleep varied. Although 
he often enjoyed sleep of the ‘very good’ category, at other times he either experienced difficulty 
in getting off to sleep in the first instance, or he found it difficult to sleep again after being roused 
by the need to micturate. 

For the other three subjects, C, D, and B, the quality of sleep was less good, in that periods of 
broken sleep occurred at intervals throughout the run of the experiment. Subject B experienced 
some ill-health during the experimental period, and for this reason many of the readings obtained 
on this subject have not been included in the results. In subjects C and D, broken sleep occurred 
more frequently about mid-cycle, when 22 hr time was reversed with respect to B.s.T. than when 
the two time-scales were coincident, but this was not always the case, and periods of sleeplessness 
often occurred entirely independently of the occurrence of ‘nocturnal’ micturitions—indeed 
subject D never at any time experienced ‘nocturnal’ micturitions during the whole of the experi- 


mental period. 
DISCUSSION 


Recent work on the diurnal excretory rhythm in man has indicated that this 
thythm is extremely persistent, difficult to disrupt and, when disrupted, is 
tapidly restored once the disrupting influence is removed (Mills, Thomas & 
Yates, 1954). The results of the long-term experiment on a 22 hr day described 
in the present work have confirmed the persistent nature of the intrinsic 24 hr 
thythm, but also show that the influence of this rhythm on the excretory 
pattern may be more complicated than was previously thought: this influence 
may vary considerably from one individual to another, and may also reveal 
itself only at particular times in the experimental cycle. Considering the 
subjects separately, and using the rate of urine flow as an index of rhythmicity, 
It has been possible to distinguish an adaptor, non-adaptors and one slow 
Baaptor among eight experimental subjects. 

Kleitman (1949) has suggested two possible causes for the persistence of a 
biological rhythm. Either it may be due to some continuing internal cyclic 
influence upon the organs concerned or it may be, in the strict sense, a cycle, 
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and his co-workers favour the former explanation for the mechanism under- 
lying the excretory rhythms, for the reason that it would be virtually impossible 
to obtain the rapid changes in rhythmicity which they have observed if the 
‘pendulum’ mechanism implied in the second suggestion were involved. The 
results of the present work tend to support Mills’s views. In the first place, 
we have observed some extremely rapid changes in rhythmicity, not only in 
the initial change-over to a 22 hr day, but also during the course of the experi- 
ment, particularly in mid-cycle. Secondly, in at least two of the incompletely 
adapted subjects indications both of the 24 hr rhythm and of the 22 hr 
rhythm were apparent in the excretory pattern: it is indeed difficult to see how 
a ‘pendulum’ mechanism could permit this to occur. On the other hand, the 
slow adaptation manifested by subject E might possibly be taken as evidence 
for a true cycle, in Kleitman’s sense of the word, in the excretory rhythm: 
but in the results for most of the subjects there would seem to be strong 
evidence of some internal cyclic mechanism which is exerting an influence 
upon kidney function. 

We would tentatively suggest that the intrinsic cyclic influence may 
emanate from the hypothalamus, which is so intimately involved in the 
maintenance and establishment of some other biological rhythms. Whether 
this mechanism is the primary cause of the observed changes or is itself being 
acted upon by some other factor, as yet unknown, cannot be decided at this 
stage. 


SUMMARY 


1. Eight human subjects lived on a 22 hr day for a period of 6 weeks. 
The data obtained on the patterns of urine flow during this period are 
presented. 

2. The existence of an inherent 24 hr rhythm is marked in most of the 
subjects. This is shown by the frequency with which high rates of urine pro- 
duction occurred during periods of rest when these periods coincided with day- 
time in Great Britain. — 

3. During the course of an experimental cycle (12 experimental days =11 
real days) experimental time advances each day by 2 normal hours with respect 
to real time (B.8.T.). For only one of the eight subjects did the excretory 
pattern always keep pace with this advance; for the others, the excretory 
pattern tended to lag behind in an apparent attempt to maintain the inherent 
24 hr rhythm. The phase in the cycle at which the inherent rhythm was most 
prominent varied from subject to subject. Only in one subject was there any 
evidence for progressive improvement in adaptation to a 22 hr routine during 
the course of the experiment. 


4. The significance of these findings with regard to the persistence of diurnal 
rhythms is briefly discussed. 
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PATTERNS OF ELECTROLYTE EXCRETION IN HUMAN 
SUBJECTS DURING A PROLONGED PERIOD OF LIFE 
A 22-HOUR DAY 


By P. R. LEWIS anv MARY C. LOBBAN 
From the Physiological Laboratory, Unwersity of Cambridge 
(Received 1 May 1956) 


The persistence of a 24 hr excretory rhythm in man throughout short periods 
of life on an abnormal environmental routine has been well demonstrated, the 
intrinsic 24 hr pattern being maintained both for rate of urine flow and for 
electrolyte excretion (Mills, 1951; Mills & Stanbury, 1952). It has been shown 
that if the normal excretory rhythm is forcibly disrupted, it returns rapidly 
to a 24 hr pattern once the disrupting influence is removed (Mills, Thomas & 
Yates, 1954). In a previous paper (Lewis, Lobban & Shaw, 1956) it has 
been shown that the normal diurnal rhythm of urine production will persist 
in many subjects even when these subjects have been living on the abnormal 
time-scale of a 22 hr day for as long as 7 weeks. In order to see whether the 
pattern of electrolyte excretion is similarly maintained over such a long 
period, a proportion of the urine samples collected during this prolonged period 
of life on a 22 hr day has been analysed for sodium and potassium content. 


METHODS 


Eight human subjects lived as an isolated community in Central Spitzbergen for 9 weeks. For 
the whole of this time the external environmental conditions showed little variation in either light 
or temperature, and it was a relatively simple matter to impose an abnormal time routine upon 
the experimental subjects. This routine involved the carrying out of normal activities within the 
abnormal time-scale of a 22 hr day. 

Urine samples were collected from all subjects at 2 hourly intervals on certain days within the 
experimental period. On these days subjects lived to a strict time-table, all strenuous exercise 
was prohibited, and meals were planned so that the intake of sodium and potassium remained 
within normal limits (average daily intake, Na 5-5 g, K 3-5 g). With the exception of 400 mg Na 
and 255 mg K taken every experimental day at 11.00 hr (experimental time) as a mid-morning 
drink of * Bovril’, and 90 mg Na and 70 mg K in the tea-time ration of ‘Ryvita’, the rest of the 
intake of these electrolytes (90% of the whole) was divided evenly between the three meals of 
breakfast, lunch and supper. The full details of the routine on experimental recording days, with 
times of meals and details of diet and fluid intake, have been described previously (Lewis et al. 
1956). Small quantities of the urine samples collected were preserved under toluene and brought 
back to be analysed for sodium and potassium content, using an EEL flame photometer. 
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RESULTS 


The normal rhythms for the excretion of water, sodium and potassium, drawn 
from the averaged values for all eight subjects on control days (24 hr time) are 
shown in Fig. 1. This shows that the general pattern of excretion is similar for 
all three urinary constituents, with only slight differences in timing. It also 
shows that the rise in potassium excretion which occurred regularly in these 
subjects shortly before noon is much more abrupt than is the rise in sodium 
excretion which commences at about the same time. 


20 


Water excretion 
(mi./min) 


8 8 
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Fig. 1. The diurnal patterns of water, sodium and potassium excretion obtained on control days 
spent on 24 hr time in Spitzbergen. The curves show the averaged values of all eight subjects 
for those days on which sodium and potassium excretion were measured. Values for the period 
from midnight to 06.00 are duplicated to show the decrease in excretion which occurs during 
normal nocturnal sleep. 


(4mole/min) 


Potassium excretion Sodium excretion 


A consideration of the rates of electrolyte excretion for subjects on an 
abnormal routine must attempt to answer two queries: first, how far do the 
figures obtained provide further evidence for the persistence of the normal 
24hr rhythm of excretion and, secondly, do the patterns of excretion for 
Water, sodium and potassium differ in their response to an abnormal time 
routine? 
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Evidence for the persistence of a 24 hr exoretory rhythm 

In general, the data for the rates of sodium and potassium excretion confirm 
the conclusions reached from a study of the rates of urine flow, i.e. it would 
seem that, in many subjects, the intrinsic 24 hr rhythm of excretion persists 
even after 6 weeks on an abnormal time-scale. Perhaps the best example of 
this persistence is shown by data obtained for subject H during the later part 
of the experiment (Fig. 2). In this diagram the excretory rates for sodium and 
potassium for subject H on days II (7), III (9) and III (12) are plotted in such 


Subject H 
+1004 Day 7 Day 9 Day 12 
LL. 


04 12 2 04 04 12 W Of 04 12 20 04 
Experimental time in hours 

Fig. 2. Excretion of sodium and potassium by subject H on days II (7), III (9) and III (12), 
showing the continued existence of a marked 24 hr rhythm. The rates of excretion of each 
cation for successive periods of 2 hours are plotted as percentages above or below the mean 
rate of excretion of that cation for each particular day. On each plot the time of midday 
by 8.8.7. is indicated by an arrow. The maximum rate of excretion occurs at or shortly after 
the time indicated by the arrow, and is greatest when true and experimental times are nearly 
coincident. 


a way as to show the fluctuations of each urinary constituent about the mean 
for that constituent for each of these particular days. It can be seen that the 
electrolyte excretion for this subject is still following B.s.T., even after a month 
on a 22 hr environmental routine. Only one other subject (subject D) showed 
such a clearly marked persistence of a 24 hr pattern of electrolyte excretion. 
It is of interest to note that subject H is the youngest (age 21 years) and subject 
D one of the oldest (age 30 years) subjects studied. 

Considering the individual results for all eight subjects, it would appear that 
three different types of response may occur: a persistence of the intrinsic 
rhythm, as already described; a marked rhythm, but keeping in phase with 
experimental time throughout the cycle, i.e. ‘adaptation’; and an apparently 
normal rhythm which, however, appears only when 8.8.7. and experimental 
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time are in phase, with disorganization at other times in the cycle. Examples 
of each type of response are shown in Fig. 3. 

As is the case for the rates of urine flow, the difference between adapted 
subjects and unadapted subjects is not well shown during the first 3 or 4 days 
of each experimental cycle. After day 5, however, a sudden breakdown occurs 
in the excretory pattern of the non-adaptor, and his electrolyte excretion 
diverges from that of the adaptor, to become completely reversed (with 
regard to experimental time) in mid-cycle, so that excretion of electrolytes 
is much greater during sleep than during waking. That this is no chance 
disorganization is shown by the fact that at the end of the cycle, when B.s.7. 
and experimental time coincide, the excretory patterns for adaptor and non- 
adaptor also coincide once more. This is illustrated by the data for potassium 


0 24 04 04 08 12 16 20.24.04 04 08 12 16 20 2404 

Experimental time in hours 

Fig. 3. Typical patterns of potassium excretion on day II (8) plotted in the same way as in Fig. 2. 
The pattern of excretion for subject D shows obvious signs of a persistent 24 br rhythm in 
that excretion falls below the mean throughout the period of activity; the temporary rise 
during the afternoon (by experimental time) presumably reflects the effect of the environ- 
mental routine. That for subject A differs from his normal excretory pattern, on a 24 hr day, 
only in that the rapid rise is perhaps 3 or 4 hours later. Subject C exhibits no coherent 
rhythm whatsoever. It should be emphasized that the patterns of potassium excretion for 
these three subjects when living on a 24 hr day are very similar to each other, both in 
amplitude and timing. 


excretion for subjects A (an adaptor) and E (a non-adaptor) on certain days 
in the first experimental cycle (Fig. 4). These two subjects are directly com- 
parable, in that they are of the same sex and a similar age (27 years and 25 
years) and that both subjects slept well, irrespective of whether their times of 
rest concided with night-time on B.8.T. or not. 


Dissociation of the excretory rhythms 
~. Inspection of the results reveals a significant difference in the way in which 
the excretory rhythms for water, sodium and potassium respond to the 22 hr 
time-scale in the individual subject. One way of trying to assess these differ- 
ences is to consider the over-all excretory rhythm for each constituent for each 
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individual experimental day. The ideal method of doing this would be to use 
some mathematical procedure which will reduce the individual data for each 
day to the minimum number of parameters necessary to define these over-all 
patterns, so eliminating any random fluctuations which may occur from hour 
to hour. A method which appears to fulfil these requirements has been devised 
by one of us (P. R. L.) and is outlined below. 
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Fig. 4. Progressive changes in the patterns of potassium excretion of two subjects in the middle 
of the first experimental cycle. The first two curves in each column are for days 5 end 6, and 
show the sudden disappearance of the normal pattern in subject E on day 6. (The pattern 
for subject A, obtained simultaneously, shows only slight disorganization.) The third pair of 
curves show that this disappearance is only temporary, subject E exhibiting an almost 
normal pattern on the first day of the second cycle when real and experimental time are once 
again in phase. 

The form of the excretory patterns on control days suggested that a sine 
curve with a 24 hr periodicity could be fitted to them to a fair degree of 
approximation. If the normal pattern of urine flow were, indeed, a sinusoidal 
oscillation with a 24 hr period (maximum flow occurring during the afternoon 
and minimum during the small hours of the night) it would be completely 
defined by three parameters: the mean rate of flow (M), the amplitude of the 
sinusoidal oscillation (A), and the value of some angle («), defining the phase of 
this oscillation. Even if the urinary rhythm is not accurately sinusoidal in 
form, the magnitude of the 24 hr component can be calculated, and the 
standard errors of the parameters defining the component obtained by Fourier 
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analysis. A convenient method of analysis is that described by Whittaker & 
Robinson (1944) in which a sine curve is fitted to twelve values equally spaced 
throughout one cycle of the oscillation. For the urinary rhythm on a normal 
24 hr routine, therefore, the values used are those obtained for successive 
2-hourly urine samples, the bladder acting as an integrating device; during 
sleep, where samples were collected over longer periods of time, the values for 
the 2-hourly intervals have been arrived at arithmetically. 

If the best fit to twelve consecutive values is given by Rg= M +A sin (0 +2), 
where M is the mean rate, A the amplitude, « the phase angle and Ry the 
individual value for the rate at a time given by 0, @ having values of 0°, 30°, 
60°,..., for each successive 2 hr period measured from some arbitrary time, 
the values of the three constants and their standard errors may then be 
calculated from the expressions given by Whittaker & Robinson. Two series 
of control days, 8 days for subject C and 5 days for subject D while living 
normal lives at Cambridge, were analysed by this procedure. There appeared 
to be significant day-to-day fluctuations in A and M, but not in « or A/M, in 
both series; so the fluctuations in A and M must be closely correlated. Para- 
meters « and A/M are, therefore, the obvious ones to consider in any study of 
an abnormal routine. _ 

This same procedure has therefore been applied to the data obtained in 
Spitzbergen for each individual subject, the best sine curve with a 22 hr period 
being fitted to the data for each completed experimental day, beginning normally 
at 10.00 hr, experimental time. Since urine samples were collected at intervals 
of 2 hours by the experimental time-scale, it was far easier to analyse for a 
22 hr component; and it was found that the values of the parameters so 
obtained for each particular day did not differ significantly from those 
obtained from an analysis for a 24 hr component. Urine flow data for three 
typical experimental days are shown in Fig. 5 together with their fitted sine 
curves, and illustrate the degree of fit obtained. A similar procedure has been 
applied to the results for the rates of sodium and potassium excretion. 

In order to show the progressive changes in « during a complete experi- 
mental cycle, the time of origin by 8.8.7. of each fitted sine curve (when 0 =a) 
has been plotted against the difference between experimental time and B.s.T. 
This is equivalent to a plot of the phase of the observed sine curve against the 
experimental phase difference; so the co-ordinates can be expressed either in 
degrees of arc or in units of time. On such a plot the points for a complete 
non-adaptor should lie along the horizontal axis and for a complete adaptor 
along the diagonal. All the results obtained for certain of the eight subjects 
are shown in Fig. 6. The data are plotted on four different diagrams to show 
the various types of behaviour which have been found. Thus subject A shows 
little deviation from the diagonal at any time in the cycle, although there is a 
tendency (shown by the fact that the points lie below the diagonal) for all 
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three excretory rhythms to lag behind the environmental rhythm in mid- 
cycle. In contrast, the points for subjects D and H, although lying more or 
less along the diagonal in the first half of the cycle, return sharply to the base 
line during the second half. This swing back is particularly well shown for 
subject H in Figs. 2 and 5. The behaviour of subject G is intermediate between 
these two, electrolyte excretion tending to follow the diagonal while the points 
for urine flow swing away late in the cycle, indicating that the rhythms for 
the excretion of water and for electrolytes may become dissociated. Subject C 
shows a quite different pattern, with points lying close to the horizontal early 
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Fig. 5. Three typical patterns of urine flow. Each graph shows the observed rates for a particular 
individual over a period of one experimental day and the best sine curve (with a 22 hr period) 
fitted to the experimental data by the method of Fourier analysis explained in the text. The 
origin of each sine curve is shown by an arrow, and the amplitude, A, and mean value, ¥, 
are indicated on the upper curve. 


in the cycle, then rising towards the diagonal at about mid-cycle and following 
it closely from day 9 onwards. Of the other three subjects, B and F resembled 
subject C throughout the experiment, while subject E resembled subject H in 
the first cycle and subject A (the only consistent adaptor) in subsequent 
cycles. 

Thus, of all the eight subjects, not one had a urinary rhythm which main- 
tained a 24 hr pattern throughout each day of the cycle and only one (subject 
A) followed a 22 hr rhythm throughout, the other seven all showing signs of 
the intrinsic 24 hr rhythm at some time during each cycle throughout the 
whole of the experimental period. — 
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The persistence of the intrinsic 24 hr rhythm becomes even more apparent 
if the amplitudes (or, more accurately, A/M) of the excretory rhythms are 
considered. Thus all subjects—even subject A, the adaptor—show lower 
values about mid-cycle than at the beginning and end of each cycle. This is 
particularly marked in some subjects (e.g. subjects C and G). All the available 
data for subject C are shown in Fig. 7 This shows that there is a pronounced 
loss of a coherent rhythm about mid-cycle, which is most marked for potassium 
excretion and least marked for water. 
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Fig. 6. Progressive changes in the phase of the excretory rhythms during the experimental cycle. 
All available data for five subjects plotted on four separate diagrams to show the types of 
behaviour found: the circles are values for urine flow and the squares for potassium excretion 
—the values for sodium excretion are very similar and have been omitted for clarity, For 
subjects A and G the standard error of each value is indicated by the vertical bars where it 
exceeded + 12°; the errors for the other subjects are similar. Five values (out of a total of 92) 
for which the standard error exceeded + 30° have been omitted. Values for an adapted subject 
should follow the diagonal and for an unadapted one the horizontal axis. The individual 
diagrams are discussed in the text. 


Although there were only a few occasions on which the phases of the 
excretory rhythms for sodium, potassium and water differed by more than 
double the estimated standard error of the difference, there are indications 
that the rhythms are affected differently by the abnormal routine. The 
clearest example of this is the difference in the values of A/M for the three 
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urinary constituents for subject C shown in Fig. 7. Here the degree of 
rhythmicity is greater for the excretory pattern of cations than that of water 
on experimental days which are almost or quite in phase with real time, but is 
much lower on days which are out of phase. This suggests that, under such 
abnormal conditions, there may be some rhythmical variation in the excretion 
of water over and above that necessary for the elimination of electrolytes in 
the urine. 
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Day of the experimental cycle 

Fig. 7. Progressive changes in the relative amplitude (A/M) of the excretory rhythms during the 
experimental cycle. This diagram includes all the available data for subject C when living on 
the 22 hr day. Individual values of A/M for urine flow are shown by circles, for potassium 
excretion by squares, and for sodium excretion by crosses. (The values for days 1, 2 and 12 are 
repeated.) There is clearly a decrease in amplitude about mid-cycle, which is most marked 
for potassium excretion and least marked for urine flow. 


DISCUSSION 


A comparison of the rates of urine flow in human subjects throughout the 24 hr 
of a normal day with the rates of electrolyte excretion over the same period 
shows a marked similarity in the excretory patterns for water, sodium and 
potassium. For all three constituents the excretory rates are greater during 
the hours of wakefulness and activity than during sleep, and the times of ‘ peak 
excretion’ are also similar, these occurring in the 2 or 3 hours following upon 
midday. Of these three constituents, it is the rate of potassium excretion 
which shows the most abrupt rise during the day, this rise occurring shortly 
before noon in most subjects. 

The changes which occurred in the patterns of urine flow for eight human 
subjects during a prolonged period of life on a 22 hr day indicated the per- 
sistence in varying degrees of an intrinsic 24 hr rhythm of water excretion 
throughout the 7 weeks of the experiment in seven out of eight subjects. The 
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results of the analysis of urine samples from these subjects during the same 
experimental period for sodium and potassium content seem to show that the 
intrinsic rhythm persists also in the electrolyte excretion. Indeed, after 
several weeks on the abnormal routine the excretory patterns indicate that 
the 24 hr rhythm is maintained even more markedly for sodium and potassium 
than it is for water excretion. Particularly suggestive is the fact that the 
electrolyte excretion of some subjects shows a loss of rhythmicity about mid- 
cycle, when experimental time and real time are most widely divergent. This 
loss of rhythmicity is more marked for potassium excretion than for that of 
either sodium or water. 

Kleitman (1939) has postulated a ‘pendulum’ theory for the mechanism 
underlying biological rhythms, but it has been inferred both from our results 
on the rate of urine flow and from the results of Mills and his co-workers 
(particularly Mills e¢ al. 1954) that such cannot be the case for excretory 
thythms in human subjects living on an abnormal routine. A pendulum 
mechanism would not permit either very rapid changes from one rhythm to 
another or the appearance of indications of both intrinsic and imposed rhythms 
in the same subject at one and the same time. The results herein presented for 
electrolyte excretion fully support this view. 

The reasons for the observed changes in electrolyte excretion are not, at 
the moment, known. It is suggested that they may be due to a competition 
between two processes : the one, intrinsic, from an internal regulating mechanism 
with a marked 24 hr periodicity and the other, extrinsic, imposed by the 
abnormal environmental routine. The fact that, in all subjects, very few signs 
of abnormality in the excretory rhythms can be seen at times when the real 
and experimental time-scales are coincident would offer support for such a 
theory. But whether this competition occurs at the level of renal processes 
or at a level more removed from actual excretion—i.e. of some central or 
endocrinological mechanism affecting renal function—it is at present impossible 
to say. It seems reasonable to suppose that if such a central mechanism were 
involved it would have its origin in the hypothalamic-posterior pituitary 
complex. 

A further, similarly designed experiment with human subjects is at present 
in progress in Spitzbergen, but with experimental recordings so arranged as to 
permit of a full statistical analysis. This, it is hoped, will provide clearer 
evidence of the dissociation or otherwise of the various diurnal excretory 
thythms, and hence information about the relationship between the sites of 
origin of the intrinsic components of these rhythms. Animal experiments, in 
which psychological influences can be removed to a much greater extent than 
is possible with human subjects, could also yield valuable information: and 
these it is hoped to begin in the near future. 
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SUMMARY 


1, Eight human subjects lived on a 22 hr day for a period of 6 weeks. The 
data obtained during this period for the patterns of excretion of sodium and 
potassium are presented, and compared with the patterns of urine flow 
reported in a previous paper. 

2. The pattern of potassium excretion in several subjects shows clear 
evidence of the existence of an intrinsic 24 hr rhythm; and in one subject at 
least this intrinsic rhythm appears to be undiminished even after 5 weeks on 
the abnormal routine. 

3. A statistical method of Fourier analysis has been applied to all the 
available data so that the differences in the individual excretory patterns can 
be more accurately evaluated. 

4. In some subjects there are indications that the excretory rhythms for 
water and electrolytes may become dissociated at certain times during the 
experimental cycle while on the 22 hr routine. 

5. The possible significance of these findings has been briefly discussed. 
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THE MECHANISM OF THE PERISTALTIC REFLEX IN THE 
ISOLATED GUINEA-PIG ILEUM 


By H. W. KOSTERLITZ, VIVIEN W. PIRIE 
AnD JUDITH A. ROBINSON 


From the Department of Physiology, University of Aberdeen 
(Received 11 April 1956) 


In 1917 Trendelenburg demonstrated that a peristaltic reflex can be elicited in 
the isolated guinea-pig ileum by distension of the lumen. This reflex consists 
of two phases. In the first, or preparatory, phase the longitudinal muscle 
contracts without any appreciable amount of fluid leaving the lumen. In the 
second, or emptying, phase a contraction ring of the circular muscle travels in 
an aboral direction expelling the intestinal contents. The physiological basis 
of this reflex is still not fully understood; the experiments described in this 
paper were carried out in an attempt to analyse further the mechanism 
involved. 
METHODS 


Apparatus. The principle of the method used was to record simultaneously the tension developed 
in the isometrically contracting longitudinal muscle, the changes in intra-intestinal pressure and 
the amount of fluid leaving or entering the lumen. In some experiments the contraction of the 
longitudinal muscle was recorded isotonically. For the measurement of the intra-intestinal 
pressure an electric condenser manometer was used with a brass membrane of thickness 50-100 » 
(Fig. 1). This was a modification of the manometer described by Griffith, Innes & Kosterlitz (1953). 
The main improvement, apart from increased mechanical stability, was the introduction of a 
variable air gap for the adjustment of sensitivity. The tension in the longitudinal muscle coat was 
measured with a condenser myograph of similar construction. The oral end of the ileum was tied 
and connected to a membrane 50, thick by means of a fine silver chain. For isotonic recording 
a lever of the type shown in Fig. 2 was used. It consisted essentially of an air condenser, the 
capacity of which was altered by the movements of the lever. The contractions were essentially 
isotonic as long as the lever did not move more than 25° from the horizontal. 

The electrical circuit used for detecting the changes was in principle similar to that used for the 
heart rate counter (Griffith ef al. 1953). Two important technical points arose in the course of the 
experiments. In view of the sensitivity of the apparatus to vibration it was necessary to use anti- 
vibration mountings; further, the screened box holding the condenser manometer had to be 
carefully lagged to minimize the effects of temperature changes, which caused drift of the zero 
point. The display unit consisted of a Cossor double-beam oscilloscope, each beam split again by 
& Carpenter high-speed relay switching at a frequency of 150-200 c/s. The relay, which was 
activated by the multivibrator circuit described by Attree (1950), was interposed between the 
analysing circuit and the amplifier of the oscilloscope. 
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The general experimental lay-out is shown in Fig. 3. The organ bath had a volume of 40 ml. 
The aboral end of the ileum was fixed to the vertical limb of a glass T-piece which passed through 
a rubber bung at the bottom of the organ bath B. All connexions between this T-piece and the 
membrane manometer M, or the resistance against which the gut worked were made of polythene 
tubing. The ileum emptied its contents through the resistance Z into the air space @, the mano- 
meter M, and the capillary tube Z being the only communication between the inside of the ileum 
and the rest of the apparatus. The standard resistance was a capillary glass tube of bore 1:75 mm 
and length 75 mm. The polythene connexions were of wide bore so that they contributed only 
little to the total resistance. When greater resistances were used, their relative values were 
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Fig. 1. Diagram of condenser manometer. A, Perspex cylinder; B, brass bushes, press-fitted ; 
C, terminals; D, brass plug, fitted to the bush by a fine thread (80 turns/in.); Z, socket screw 
firmly fixed in plug D; F, brass tube with soldered membrane, fitted to the bush in the same 
way as D; G, locking ring. In the myograph, the tube F is replaced by a wide cylinder and 
a fine silver chain is soldered to the centre of the membrane. 
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caloulated from Rec I/r*, the standard resistance being given the value of unity. The air space 
could be varied; it was usually between 500 and 2000 ml. 

To trigger off the peristaltic reflex the pressure was raised in the reservoir D to the desired value, 
usually between I and 3cm H,O. By opening tap 7’, for a second or so, the pressure was increased 
in the air space and therefore also in the lumen of the ileum. The increase in longitudinal tension 
during the preparatory phase of the peristaltic reflex was recorded by the myograph M,, the rise 
in intra-intestinal pressure during the emptying phase by manometer M, and the rise in pressure 


E 
Fig. 2. Diagram of isotonic condenser lever. The centre plate holding the lever 
and the bearing are earthed (Z). 
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Fig. 3. Diagram of the organ bath and its connexions. A, thermostatically controlled water bath ; 
B, organ bath with rubber bung; C, oxygen supply tube; D, pressure reservoir (5 1.) with 
pressure bulb and water manometer; Z, capillary resistance; F, bulb of a 50 ml. pipette; 
G, air space; M,, condenser myograph; M, and M,, condenser manometers; 7,_,, glass cocks. 


in the air space due to the ejection of fluid from the lumen of the ileum by manometer M,. The 
volume of fluid ejected was calculated from the rise of pressure in the air space; e.g. the ejection 
of 1 ml. fluid caused a rise of 0-6 om H,O when the air space was 2000 ml. When such large air 
Spaces were used the record of the changes in intra-intestinal pressure gave an approximate measure 
of the changes in mean velocity, since the pressure changes in the air space were small compared 
with those occurring on the intestinal side of the capillary resistance. 

In a few experiments in which the effects of very small air spaces were studied, the gut emptied 
ite contents into an air space without the intervention of a capillary resistance. In these experi- 
ments only one manometer (M,) was used. 

Isolated ileum. Adult guinea-pigs of both sexes were used. They were killed by decapitation 
and a piece of intestine 30 cm long was excised. The contents were gently washed out with Tyrode 
solution. About 10 cm of the ileum nearest to the ileo-caecal valve were discarded in view of the 
findings of Munro (1951) that the physiological reactions of this section were different from the 
fest of the ileum. A piece of the remaining ileum about 6-7 cm long was used and suspended at 
85° C in oxygenated Tyrode solution with a MgCl, content of 0-01 g/l. 

44 PHYSIO. OXXXIII 


To M, A ey 
From 
Waste 


684 H. W. KOSTERLITZ AND OTHERS 


RESULTS 
The time relations between the contractions of the longitudinal and 
circular muscle layers during the peristaltic reflex 
Typical responses to subthreshold, submaximal and maximal increases in 
intra-intestinal pressure are shown in Fig. 4. To take up any slack, the prepara- 
tion was slightly stretched until the tension in the longitudinal layer was 1 g. 
In the uppermost tracing (Fig. 4 A) the intra-intestinal pressure was raised to a 
value (1-3 cm H,O) which did not trigger off the complete peristaltic reflex but 
led to a contraction of the longitudinal muscle layer. After a delay of about 


Ay +13emH,O ¥ 
+16 cm H,O 
L 
cY +2-4cm H,O 


Fig. 4. Records of responses to subthreshold, submaximal and maximal pressure stimuli. In each 
record from above downwards: longitudinal tension, intra-intestinal pressure and pressure in 
air space of 1900 ml. Time marker: 1 sec. Increase in tension downward, increase in pressure 
upward. Initial longitudinal tension 1g. Calibration: 3-3 g tension, 47cm H,O intra- 
intestinal pressure and 1-8 om H,O pressure in air space (3-4 ml. volume change). Between 

can, 


1-5 sec the tension in the longitudinal muscle increased rapidly from 1 to 5 g 
and then fell slowly to 3-7 g. It remained at this value for as long as the intra- 
intestinal pressure was kept raised, with oscillations of about 0-3-0-8 g at the 
rate of about 1/sec. The stimulus being subthreshold for a response by the 
circular muscle, there was no ejection of fluid. The intra-intestinal pressure 
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showed only small oscillations, more or less synchronous with the contractions 
of the longitudinal layer. 

Raising the intra-intestinal pressure to a slightly higher value (1-6 cm H,O) 
elicited the peristaltic reflex (Fig. 4B). After a delay of 2 sec the tension in 
the longitudinal muscle rose rapidly to 5-3 g. When the tension reached a value 
of 5 g, the emptying phase started, in which the circular muscle contracted 
causing a steep increase in the intra-intestinal pressure to about 4 cm H,O in 
0-75 to 1 sec. Then the intra-intestinal pressure fell as rapidly as it had risen, 
giving a spike-like trace. During such a cycle of rising and falling intra- 
intestinal pressures the contraction wave of the circular muscle proceeded in 
an aboral direction along the whole length of the preparation. When the ileum 
was completely empty the intra-intestinal pressure remained unchanged for 
about 0-5 sec at a level slightly higher than that found before the beginning of 
the emptying phase. This was due to the increase of pressure in the air space 
caused by the expulsion of fluid from the lumen of the ileum; with an air space 
of 2000 ml. it amounted to 0-5cm H,O when 1 ml. had been ejected. The 
spike-like appearance of the pressure curve indicated that the velocity at 
which fluid left the lumen increased steeply during the first part of the 
emptying phase and decreased as rapidly during the second part. This was 
corroborated by the sigmoid trace of the pressure changes in the air 
space. 

The tension in the longitudinal layer started to fall very soon after the 
beginning of the emptying phase and was back at its original level of 1 g in 
the early stages of the filling phase. This phase, which lasted longer than the 
emptying phase, was initiated by a sudden relaxation of the circular muscle; 
the velocity at which the fluid returned to the lumen of the intestine diminished 
slowly until the distension of the ileum triggered off the next cycle of peristaltic 
activity. Usually half way through the filling phase, the tension in the 
longitudinal muscle layer started to increase while the circular muscle did not 
contract until filling was complete. In the second and later cycles the increase 
in longitudinal tension became more and more protracted although the final 
values were approximately the same in all cycles. At the same time, the 
amount of fluid entering during the filling phase and being ejected during the 
emptying phase increased gradually, e.g. from 0-7 to 0-95 ml. in the experiment 
shown in Fig. 4B. 

When a greater pressure stimulus was used (2-4 cm H,0), the events were 
not fundamentally different from those just described (Fig. 4C). However, as 
more fluid entered during the filling phase more was expelled (1-25-1-35 ml.) 
with each peristaltic cycle. Further, the intra-intestinal pressure reached a 
higher maximum (5-6cm H,O). The expulsion time was a little longer, 
1-9--2-2 sec against 1-5-2-0 sec. Finally, the slowing of the rate of increase in 
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stimulating pressure was 2-4 cm instead of 1-6 cm, and the intervals between 
the individual cycles were shorter. 

Details of the pressure changes inside the intestine and in the air space were 
more readily seen when a faster moving paper was used (Fig. 5). In particular, 
the intra-intestinal pressure record of the emptying phase very often showed 
an inflexion in the ascending limb. There seemed to be no significant ejection 
of fluid from the lumen until this inflexion was reached. 


+2:3 em H,O 


Fig. 5. Same preparation as in Fig. 4 but recorded with a faster moving paper. Records and 
calibration as in Fig. 4. Between arrows, | , intra-intestinal pressure raised by 2-3 cm H,0. 


vA +2cm H,O 


| By +25emH,0 


1 sec 


Fig. 6. Same preparation as in Fig. 4 but fatigued. Records as in Fig. 4. Initial longitudinal 
tension 1 g. Calibration: 3-5 g tension, 4-6 cm H,O intra-intestinal pressure and 1-8 cm H,0 
pressure in air space (=3-4 ml, volume change). Between arrows, intra-intestinal pressure 
raised in A by 2 cm H,0 and in B by 2-5 cm H,0O. 


When the preparation had become fatigued, certain changes from the normal 
pattern were observed (Fig. 6). The individual cycles followed each other at 
longer intervals. For a given pressure, more fluid entered the lumen of the 
fatigued preparation and therefore more fluid was expelled, prolonging the 
expulsion time. The rate of rise in longitudinal tension was slowed. A change 
of great interest was the appearance of cycles in which the longitudinal tension 
rose more or less normally but remained increased for periods of up to 15 sec 
without any activity of the circular layer. When at the end of such a period 
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a peristaltic wave of the circular muscle was observed, this was always accom- 
panied by a further rise in the longitudinal tension of about 1 g. The same 
phenomenon was also seen in fresh preparations when stimuli were applied 
which were just above threshold (Fig. 7). Although in normal reflex cycles no 
inflexion was seen in the record of the longitudinal tension, the observed 
phenomenon seems to suggest that the contraction of the longitudinal muscle 
consists of two phases, only the second of which is closely linked with the 
contraction of the circular muscle. 


+15 cm H,O 


1 sec 


Fig. 7. Pressure stimulus near threshold. Records as in Fig. 4. Initial longitudinal tension 1 g. 
Calibration: 3-3 g tension, 4-8 em H,O intra-intestinal pressure and 2-5 cm H,O pressure in 
air space (=4-8 ml, volume change). Between arrows, the intra-intestinal pressure was raised 
by 1-5 cm H,0. 


As far as the decrease in longitudinal tension during the emptying phase 
was concerned, there was never any significant delay whether the preparation 
was fresh or fatigued. When the circular muscle was fully contracted the 
relaxation of the longitudinal had always begun. However, sometimes the 
longitudinal tension had decreased only little (Fig. 4B), or the relaxation was 
about half-way (Figs. 4C, 6A), or was almost complete (Figs. 5, 6 B), indicating 
that the two events were not interdependent. 


Dissociation of the contractions of the longitudinal and circular muscle layers 
The peculiar constancy of the time relationships between the contractions 
of the longitudinal and circular muscle layers raised the question whether the 
contraction of the longitudinal muscle triggered off the contraction of the 
circular muscle. 

That the contraction of the circular layer but not that of the longitudinal 
layer is inhibited by ganglion-blocking agents was shown by Feldberg & Lin 
(1949) using tubocurarine and nicotine, and by Paton & Zaimis (1949) 
investigating the action of methonium compounds. By adding large doses 
of acetylcholine to the bath it was found possible to inhibit reversibly the 
contraction of the longitudinal muscle without affecting significantly the 
circular muscle (Fig. 8). During the period of inhibition, which was probably 
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due to a Cantoni & Eastman (1946) effect, the longitudinal muscle was quite 
insensitive not only to acetylcholine but also to histamine and 5-hydroxy- 
tryptamine. When the intra-intestinal pressure was raised in the presence of 
acetylcholine in concentrations of 5-10 mg/l., normal reflex contractions of the 
circular muscle took place while the contractions of the longitudinal muscle of 
the preparatory phase were almost completely suppressed (Fig. 8B). This 
insensitivity of the longitudinal muscle to intra-intestinal pressure, acetyl- 
choline or histamine lasted a considerable time after washing out the large 
dose of acetylcholine (Fig. 8C). Normal responses were usually restored after 
an interval of about 1 hr (Fig. 8D). 


A +2-1.cm H,O 


Fig. 8. The effect of large doses of acetylcholine on the peristaltic reflex. Records as in Fig. 4. 
Calibration: 3-3 g tension, 4-9 cm H,0 intra-intestinal pressure and 2-8 cm H,O pressure in 
air space (=5-3 ml. volume change). Initial longitudinal tension 1 g. Between arrows, the 
intra-intestinal pressure was raised in A, C and D by 2-1 cm'H,0 and in B by 2-3 em H,0. 
A, control response; between A and B two doses of 100 yg acetylcholine were added with an 
interval of 2-5 min, the second dose giving rise to a very small increase in tension; B was 
taken 5 min after the first dose of acetylcholine, the initial longitudinal tension being 
15 instead of 1 g; after B the bath was washed twice and C was taken 12 min later, the 
longitudinal tension having returned to the initial value of 1 g; D was taken 33 min later, 
the bath fluid having been renewed 4 times. 
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Isometric and isotonic contraction of the longitudinal muscle 

It was of interest to examine whether the actual shortening of the intestine 
contributed to the efficiency of the peristaltic reflex. The experiments with 
isotonic recording of the longitudinal muscle were performed either with a 
conventional isotonic lever or, when simultaneous records of the shortening 
and the changes in intra-intestinal pressure were required, with a lever 
attached to an air-spaced condenser. A load of 1 g was found most suitable; 
with 2g performance was initially slightly superior but fatigue set in more 
readily, while a load of 0-5g was insufficient, particularly when pressure 
stimuli near the threshold were used. 


[ +4cm H,O 


 +4em H,O 


Fig. 9. Isometric and isotonic recording of the longitudinal muscle of the same preparation. 
Records from above downwards: tension or shortening of longitudinal muscle, intra-intestinal 
pressure and signal, Initial load or tension 1 g. Calibration: in A, 3-2 g tension and 5 cm H,O 
intra-intestinal pressure; in B, 1-5 cm shortening and 4-4 cm H,0 intra-intestinal pressure. 
During signal, the intra-intestinal pressure was raised by 4 cm H,0. 


The tracings obtained from preparations contracting first isotonically and 
then isometrically showed no fundamental differences (Fig. 9). Over a wide 
range of varying conditions, the absence of shortening did not significantly 
reduce the pressure developed in the lumen nor the amount of fluid ejected 
(Fig. 10). Both types of preparation reacted in the same way to a reduction 
of the air space into which the contents were expelled: the rise in intra- 
intestinal pressure was increased to the same extent when the air space was 
decreased and in both instances the emptying became incomplete when the 
air space was smaller than 300-400 times the volume of fluid expelled. Some- 
times the impression was gained that the ejection velocity was greater in 
isotonic than in isometric preparations, although this was by no means always 
the case. 
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Fig. 10. Effect of isometric or isotonic recording on the maximal intra-intestinal pressure during 
the peristaltic reflex and on the volume of fluid ejected from the lumen. The same preparation 
was used for isotonic (@—@) and isometric (O—O) recording. Initial load or tension | g. 
The pressure stimulus was 2 cm H,O in A and 3 cm H,0 in B. 


The effect on the peristaltic reflex of reducing the air space 
into which fluid is expelled 

The use of a restricted air space into which the intestinal contents were 
expelled led to a progressive increase in the pressure in the air space, rising to 
a@ maximum at the end of the emptying phase. This was of little importance 
when the air space was 500 to 2000 times as large as the volume of fluid ejected, 
the pressure in the air space varying then between 2 and 0-5 cm H,0 for a fluid 
volume of 1 ml, With such air spaces, the intra-intestinal pressure reached 
during the emptying phase was between 4-5 and 6 cm H,O. When the air space 
was reduced to below about 300 times the volume of fluid ejected the pressure 
rose beyond these values but the intestine no longer emptied completely. Some 
of the fluid escaped through the contraction ring of the circular muscle towards 
the closed oral end of the ileum. Pressures as high as 20 cm H,O were reached 
when the air space was about 30 times as large as the volume of fluid present 
in the lumen. With such small air spaces the maximum intra-intestinal pressure 
was reached later and maintained longer than with air spaces into which com- 
plete emptying was possible. 


The effect of increasing the capillary resistance through which the 
fluid is expelled 
When the resistance offered to the expulsion of the intra-intestinal contents 
was raised, not by reducing the air space but by increasing the capillary 
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resistance, and thus the circular muscle was forced to work from the start 
against a considerably raised resistance, then comparatively higher pressures 
were developed inside the intestine before failure and incomplete emptying 
set in (Fig. 11). With a resistance of 3 to 4 times the original value, the intra- 
intestinal pressure was 10 cm H,O when the longitudinal muscle contracted 


pressure (cm H,O) 


Fluid ejected Maximal intra-intestinal 
(ml.) 

ok 
{ 


Resistance (arbitrary units) 


Fig. 11. The effect of increasing the initial resistance (capillary Z in Fig. 3) on the maximal intra- 
intestinal pressure during the peristaltic reflex and on the volume of fluid ejected from the 
lumen. The same preparation was used for isotonic (A) and isometric (B) recording. Initial 
load or tension 1 g. The pressure stimulus was 1 cm ( x ), 2 om (@) or 3 cm (©). The resistance 
of a tube of bore 1-75 inm and length 75 mm was taken to be one arbitrary unit. 


isotonically and 9cm H,O when it contracted isometrically. There was no 
difference between the amounts of fluid expelled. Incomplete emptying was 
observed when the capillary resistance was greater than 4 times the original 
value. The duration of the emptying phase was prolonged; e.g. it was twice 
as long as normal when the value of the resistance was sevenfold. 


DISCUSSION 


When Trendelenburg (1917) first described the peristaltic reflex in the isolated 
guinea-pig ileum, he showed that a shortening of the longitudinal muscle layer 
was followed by a contraction of the circular muscle beginning at the oral end 
of the preparation. The difference in phase between the contractions of the 
two muscle layers was usually 90°; the circular layer started to contract when 
the contraction of the longitudinal muscle was about half completed and the 
contraction of the circular muscle was complete when the relaxation of the 
longitudinal had proceeded half-way. 

It would appear from Trendelenburg’s observations and from the findings 
presented in this paper that the contraction of the circular muscle follows that 
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of the longitudinal muscle in a more or less fixed pattern. The question arises 
whether the contraction of the circular muscle is triggered off by the contrac- 
tion of the longitudinal coat. However, the fact that each of the two muscle 
layers can be selectively inhibited seems to rule out this possibility. The 
contraction of the circular coat is inhibited by ganglion-blocking agents ; this 
strongly suggests that cholinoceptive synapses are present in the reflex arc 
activating the circular muscle. Evidence has recently accumulated that the 
contraction of the longitudinal muscle of the preparatory phase is also reflex 
in character, although the nature of the nervous elements involved is as yet 
unknown (Kosterlitz, Pirie & Robinson, 1955; Schaumann, 1955; Kosterlitz & 
Robinson, 1955, 1956). Why large doses of acetylcholine should inhibit the 
contractions of the longitudinal and not of the circular muscle is not understood. 

A likely explanation of the pattern in which the emptying phase follows the 
preparatory phase may be found in the different degrees of distension necessary 
for eliciting the contractions of the two muscle coats. With a small filling 
pressure a contraction of the longitudinal muscle is obtained, while the 
circular muscle remains inactive. Further, in repetitive reflex activity, the 
longitudinal contraction always starts at an earlier stage of the filling phase 
than does the circular contraction. This lag between the two coats is increased 
when the stimulus is near the threshold for the circular muscle or when the 
preparation is fatigued. Since the lag is of the order of 1 sec or more, synaptic 
delay can play only a minor role. 

The secondary rise in longitudinal tension, which accompanies the increase 
in intra-intestinal pressure at the beginning of the emptying phase, is seen 
particularly well in fatigued preparations or in fresh preparations with near- 
threshold stimuli. It never occurs in the presence of hexamethonium or when 
the pressure stimulus is too small to cause a contraction of the circular muscle. 
It would appear therefore that this secondary rise in longitudinal tension 
belongs to the emptying rather than to the preparatory phase and is evoked 
by a nervous mechanism involving cholinoceptive synapses. 

The shape of the intra-intestinal pressure curve during the emptying phase 
is of some interest. This phase is initiated by a short-lasting small increase in 
pressure during which only little or no fluid is expelled. It coincides with the 
secondary increase in longitudinal tension already discussed. The spike-like 
rise or fall in pressure which follows the initial rise is an indication of the 
velocity with which fluid is ejected. The rise in velocity during the first part of 
the emptying phase may be due to an increasing rate of recruitment of 
circular fibres; there are, however, other possible explanations. Later, when 
the amount of fluid on which the circular fibres can exert pressure becomes 
less, the ejection velocity decreases again. 

The contraction of the longitudinal muscle does not contribute materially 
to the efficiency of the ejection of fluid from the lumen, at least not in the 
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isolated ileum in which the distending pressure acts on the whole surface of 
the lumen. Allowing the longitudinal muscle to shorten makes no difference; 
even complete inhibition of its contraction has no significant effect. As the 
longitudinal muscle coat contracts with a smaller distending stimulus than the 
circular coat, its contraction may aid in the mixing of intestinal contents before 
peristaltic propulsion. 

From the experiments in which the resistance to ejection of fluid was 
increased, either by decreasing the air space or by lengthening the capillary, 
it may be concluded that considerable obstacles can be overcome. An intra- 
intestinal pressure of about twice the value occurring during normal ejection 
can be produced by the circular muscle without failure when the resistance 
makes itself felt at an early stage of the contraction of the circular muscle. 
This situation would arise when the intestinal contents had to be forced 
through a region with increased tone of the circular muscle. On the other hand, 
if the contents have to be expelled into a restricted space, intra-intestinal 
pressures of up to four times the normal value may be observed, although the 
ejection soon becomes incomplete as some of the fluid passes in an oral direc- 
tion through the incompetent ring of contracted circular muscle. 


SUMMARY 


1. An analysis was made of some of the mechanisms underlying the peri- 
staltic reflex in the isolated guinea-pig ileum. Records were taken of the 
tension in the longitudinal muscle layer, the intra-intestinal pressure and the 
amount of fluid expelled. 

2. With a subthreshold stimulus (0-5-1-5 cm H,0O intra-intestinal pressure) 
the only change was a rise in longitudinal tension. With submaximal or 
maximal stimuli (1-5-3 cm H,O) the increase in longitudinal tension was 
followed by the emptying phase. While the contraction of the circular muscle 
travelled in an aboral direction, there was a spike-like rise and fall in intra- 
intestinal pressure, indicating that the ejection velocity increased at first and 
then decreased again. When volume of fluid ejected was plotted against time, 
a sigmoid curve was obtained. 

3. In repetitive reflex activity the longitudinal tension started to increase 
early in the filling phase while the circular muscle only contracted when the 
distension of the lumen was maximal. The contractions of the two layers 
followed each other in an apparently fixed pattern. However, as the circular 
muscle could be selectively inhibited by ganglion-blocking agents and the 
longitudinal muscle by large doses of acetylcholine, the longitudinal contrac- 
tion did not trigger off the circular contraction. The time lag between the 
contractions of the two layers was probably due to the fact that a greater 
distension of the lumen was required for the circular than for the longitudinal 
contraction. 
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4. The efficacy of the emptying phase was independent of an actual 
shortening of the longitudinal layer. It made little difference whether the 
contraction of the longitudinal layer was recorded isotonically, isometrically 
or was inhibited altogether. 

5. When contracting against a large resistance the circular muscle was able 
to raise the intra-intestinal pressure to high values (up to 20 cm H,O). How- 
ever, emptying of the lumen became incomplete when the intra-intestinal 
pressure exceeded 6 to 10 cm H,0. 


Grateful acknowledgement is made of a grant by the Medical Research Council (to H. W. K.) 
Mr W. J. Davidson and Mr J. McConnachie. 
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An apparatus for the continuous intravenous re-infusion of lymph 


and living lymphocytes into rats with thoracic duct fistulae. 
By J. L. Gowans 


A biological assay for secretin. By J. W. Love 


Synchronizing low frequency stimuli with a high frequency free- 
running time base. By M. V. L. Bennett 


Effects of reserpin and ritalin on monkeys. By J. Coxe and P. Guzzs. 
(Film) 


Human muscle spindles. By Syst Coorer and P. M. Danret. 


University Laboratory of Physiology and Radcliffe Infirmary, Oxford 


Sections of human muscle spindles were examined in post-mortem muscles and 
in foetal and still-born material. For detailed study we have mainly used the 
small muscles of the hand and neck in the adult; for we have been impressed 
by the size and number of spindles in these muscles, where they are much 
More numerous per unit volume than they are in the larger limb muscles. 
A large number of staining methods and impregnations were used and we 
prepared both transverse and longitudinal serial sections of many of the 
muscles so that whole spindles could be traced. 

Single human muscle spindles vary from about 3 to 12 mm in fixed prepara- 
tions. Some or all of the intrafusal muscle fibres usually continue beyond the 
capsule. On following such fibres in serial transverse sections it was sometimes 
found that they are re-enclosed in one or more successive capsules, each with 
its own nerve fibres and endings. These tandem spindles often stretch for a 
considerable distance. Many of the big spindles contain several intrafusal 
fibres (8-12). A spindle containing four or fewer intrafusal fibres was often 
found to be one end of a tandem spindle. 

The single large nerve fibre approaching the equator of a spindle and going 
to the nuclear bags is easily seen; it may enter the spindle alone or in company 
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with smaller fibres. The Schwann sheath blends into the spindle capsule so 
that the periaxial space often appears to extend for some distance around the 
large nerve fibre. The nuclear bags are large and prominent in some of the 
intrafusal muscle fibres; other intrafusal fibres get very small in diameter at 
the equator and consist only of a myotube with central nuclei. The large 
nuclear bags are covered by a thin layer of striated muscle. Thus muscle tissue 
is continuous throughout the length of all the intrafusal fibres. Intrafusal 
muscle fibres were never seen to divide. 

The primary or annulo-spiral endings do not impregnate readily in human 
material, but we have some silver impregnations in longitudinal sections. The 
endings can also be seen unimpregnated in transverse sections where they 
show as swollen cushions wrapping round the large naked clear nuclei of the 
bags with a very fine layer of muscle tissue between. These closely packed 
nuclei, suggesting a region of high metabolic activity, must be of great im- 
portance in initiating and maintaining the low threshold, slowly adapting 
responses of the primary spindle endings, but at the present time the mechanism 
is unknown to us. 

All the suitably stained spindles showed numerous motor endings at both 
poles. Some of these endings were supplied by very fine nerve fibres which 
could be seen inside the spindle. One pole might also have a medium-sized 
nerve fibre, which travelled for some distance in the spindle and then broke 
up into a complicated tangle of nerve fibres and endings on the intrafusal 
fibres. These medium-sized motor fibres are mentioned by Barker (1948) in the 
rabbit, but little account has been taken of them in neurophysiological work 
on the y efferents. 

If the spindles lie near the main band of motor endings in a muscle, then a 
big nerve trunk may supply both spindles and extrafusal muscle fibres, perhaps 
without special significance. If, however, a big spindle lies away from the 
band of motor endings, a small group of neighbouring extrafusal fibres may 
receive its motor innervation through a branch of the spindle nerve. The branch 
may even enter the spindle and leave it again to go to these extrafusal fibres, 
which appear to be in close association with the spindle, often having a 
connective tissue extension of the capsule round them for some distance. This 
suggests an association which may be of significance in, for example, mono- 
synaptic reflexes. 

We are as yet uncertain about the exact mode of ending of the medium- 
sized nerve fibres which are found in the equatorial region. Nor are the details 
of afferent endings on the small intrafusal fibres, which have myotubes rather 
than nuclear bags in the equatorial region, clear. 

In some spindles, in the regions between the equator and the poles, are seen 
nerve fibres taking up to about ten turns round one of the intrafusal muscle 
fibres. These spirals do not appear to be end organs in quite the same way as 
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the annulo-spiral endings. Further work, which is being done on pathological 
material, may help us to decide whether they belong to the afferent or efferent 
nerve supply of the spindle. 
REFERENCE 
Barker, D. (1948). Quart. J. micr. Sci. 89, 143-186. 


Spontaneous rhythmic contractility in human lymphatics. By 
J. B. Krymonts and G. W. Taytor. Professorial Surgical Units, 
St Thomas’s Hospital and St Bartholomew’s Hospital 


Spontaneous rhythmic contraction has been observed in the lymphatics of 
certain mammals, Carleton & Florey (1927) recorded them in the lacteals of 
the rat and guinea-pig and Carrier (1926) observed them in the lymphatic 
capillaries of the wing of the bat, but it has not been previously recorded in 
man. During the last two years we have seen it occur on six occasions during 
surgical operations. In one patient (a woman aged 40) the thoracic duct was 
seen to empty itself at regular intervals of some 10-15 sec into the subclavian 
vein. In another patient, a woman aged 48, the thoracic duct was punctured 
during the operation of cervical sympathectomy, and it was seen to discharge 
gushes of chyle. The intervals between the gushes could be accurately timed 
and they were found to occur every 13-14 sec. One of the patients had a 
cervical rib syndrome and the other Raynaud’s disease, and there was there- 
fore no reason to suspect that the thoracic duct was in any way abnormal. 

We have also seen spontaneous rhythmic contractions take place in the 
large retroperitoneal lymphatics which are found in patients with the condition 
of chylous reflux into the lower limbs. These were seen during abdominal 
exploration in three male patients. In one of them the phenomenon was seen 
during laparotomy on two separate occasions. The contractions were in- 
dependent in time of respiratory movements and transmitted movement from 
bowel or ureter was excluded by retraction of these viscera. 

In the demonstration, spontaneous contractility in the retroperitoneal lym- 
phatics is shown in a cinematograph film taken during operations on two 
patients. Patent Blue Violet solution was first injected subcutaneously in the 
lower limb in each patient in order to make the lymph trunks more easily 
visible (Kinmonth, 1952; Kinmonth & Taylor, 1955). 

The frequency of contraction appeared to be increased by warmth from a 
portable operating light. 

REFERENCES 
Carleton, H. M. & Florey, H. (1927). Proc. Roy. Soc. B, 102, 110-118. 
Carrier, E. B, (1926). Physiological Papers dedicated to Prof. August Krogh, p. 1. Copenhagen: 
Levin and M 
Kinmonth, J. B. (1952). Clin. Sci. 11, 13-20. 
Kinmonth, J. B. & Taylor, G. W. (1955). Brit. med. J. 1, 940-941. : 
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Necrosis in the anterior lobe of the pituitary produced by arresting 
the blood flow in the hypophysial portal vessels in the stalk. 
By P. M. Dante and Marsorte M. L. Pricnarp. Radcliffe Infirmary 
and the Nuffield Institute for Medical Research, University of Oxford 


The experiments (Daniel & Prichard, 1956) were made on rats, anaesthetized 
with ether. Under the dissecting microscope the pituitary stalk was exposed 
by a parapharyngeal route, and a fine cautery was momentarily applied to the 
hypophysial portal vessels which run down the ventral aspect of the stalk. 
The animals were killed at various times up to 6 days after operation, and a 
histological study of their pituitaries showed a necrosis of variable extent, but 
fairly constant in situation, in the anterior lobe (pars distalis). 

Studies of the vascular anatomy of the pituitary in normal rats showed that 
the region where the necrosis occurred was that supplied by the hypophysial 
portal vessels which had been occluded by the cauterization. The areas in the 
anterior lobe which remained healthy were found to be the territories which 
are supplied by other hypophysial portal vessels, which had not been inter- 
fered with. In the rat, as in man, the anterior lobe of the pituitary has no 
arterial blood supply. 

Examples of the lesions produced and preparations illustrating the blood 
supply of the rat’s pituitary are shown. 


REFERENCE 
Daniel, P. M. & Prichard, M. M. L. (1956). Quart. J. exp. Physiol. 41, 215-229. 


Temperature control in the Langendorff heart perfusion. By 
QO. B. Saxsy. Department of Pharmacology, University of Oaford 


During the perfusion of the isolated heart by the Langendorff method it is 
usually difficult to maintain constant temperature, since this varies with the 
rate of flow through the coronary vessels. In the apparatus shown the warm 
perfusing fluid, on arriving in the cannula which is tied in the aorta, can pass 
either through the aorta into the heart or through a side-arm and out at a 
narrow jet into a funnel (see Fig. 1). The jet allows the escape of about 50 ml. 
per min. The fluid entering the funnel runs down one limb of a U-tube and 1s 
lifted up the other limb of the tube by a stream of air or oxygen bubbles back 
into the reservoir in the water-bath. It is important that the distance 42 
(Fig. 1) should be sufficiently long. 
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t To 
reservoir 


Fig. 1. 


With this arrangement there is no stagnation of fluid in the cannula when 
the coronary vessels are constricted, and the temperature of the fluid entering 


. the heart is always that of the water-bath. 


Recording camera. By O. B. Saxsy and E. H. J. Scuuster. Department 
of Pharmacology, University of Oxford 


This camera was originally constructed for Dr R. B. Bourdillon at the National 
Institute for Medical Research, Hampstead. It has been reconstructed and 
improved. 

Paper 120 mm wide is fed from one casette to another over a horizontal 
exposure area where its sensitive surface faces downwards. Its speed is 
determined by a gearbox with 16 speeds in geometrical progression with a 
ratio of 2-25:1; the highest speed is about 1 m/sec. In order that the paper 
may be started and stopped very quickly a clutch controlled by an electro- 
magnet is interposed between the gearbox and the paper-drive mechanism. 
A control system driven by a small independent motor is incorporated, by 
which the clutch is thrown in, stimuli triggered and finally the clutch thrown 
out, automatically, at predetermined intervals. 
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The following features may be recorded: 

(1) Movement of spot on cathode-ray tube situated below camera and 
facing upwards. Two tubes could be used if required. 

(2) Movement of other mechanical or electrical devices brought in by mirrors. 

(3) Time marks obtained by the rotation of slotted disks by synchronous 
motors. The following time intervals are available: A, ;}5 sec; B, +; sec; 
CO, 4 sec; D, 1 sec; E, 10 sec; F, 1 min. With A, B and D every tenth mark is 
omitted. 

(4) A number which increases minute by minute, so that the time elapsed 
from a given basic time can be seen on the record. 

(5) An identification letter, which can be photographed on to the paper at 
any desired time so that a particular part of the record may be associated with 
notes bearing the same letter made at the same time. The letter is automatically 
changed after each application. 


Method of studying ventricular fibrillation in the isolated heart. 
By A. K. Armrracz, J. H. Burn and A. J. Gunninc. Department of 


Pharmacology, University of Oxford 


A self-regulating heart pulse amplifier and ratemeter, suitable 
for measuring and recording rapidly varying heart rate. By 
D. G. Wyatr 


The optical properties of whole blood studied in glass cells by 
filter photometry as a basis for the interpretation of ee 
data. By R. V. Coxon and R. H. Kay 


Apparatus for time lapse cinematography. By R. Barer and 
R. G. UnpERWoop 


Some properties of the longitudinal muscle of the guinea-pig 
ileum. By I. R. H. W. Kosrerzirz and Jupira A. Ropinson. 
Department of Physiology, University of Aberdeen 

In the peristaltic reflex of the isolated guinea-pig ileum the contraction of the 

circular muscle follows the contraction of the longitudinal muscle in a seemingly 

fixed pattern. It has been known for some time that the contraction of the 

circular coat is suppressed by ganglion blocking agents (Feldberg & Lin, 1949; 

Paton & Zaimis, 1949). A selective inhibition of the longitudinal coat was 

brought about by exposing the ileum to large doses of acetylcholine (5-10 mg/l.) 
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and eliciting the peristaltic reflex after relaxation of the longitudinal muscle, 
either still in the presence of the acetylcholine or after washing it out. Although 
the longitudinal muscle was insensitive to acetylcholine, histamine or the 
stimulus of distending the lumen, the expulsion of fluid from the lumen 
proceeded in a normal manner. These findings seem to imply that while the 
adequate stimulus for the contractions of both muscles is distension of the 
lumen, the activity of the two muscle coats is not interdependent. 


REFERENCES 


Feldberg, W. & Lin, R. C. Y. (1949). Brit, J. Pharmacol. 4, 33-44. 
Paton, W. D. M. & Zaimis, E. J. (1949). Brit. J. Pharmacol. 4, 381-400. 


The action of a purified growth hormone preparation on the 
carbohydrate metabolism of the perfused rat heart. By 
M. Sytvia Bronk and R. B. Fisner. Department of Biochemistry, 
University of Ozford 
We have used a highly purified material (B168GH), supplied by Dr A. E. 
Wilhelmi. Table 1 shows its effects on the glucose utilization of rat hearts 
perfused with medium containing 0-15°% glucose and 2 mu./ml, insulin 
(Bleehen & Fisher, 1954). ‘Fresh’ denotes material dissolved in 0-9°% NaCl, 
and kept not more than 6 days at —20°. ‘Stored’ denotes solution kept for 
12-19 days. Depression of glucose utilization increases with increasing con- 
centration of B168GH and then diminishes again, and stored material is more 
active than fresh. B168GH also depresses glucose utilization in the absence 
of insulin (see Table 1). 


TaBLe | 
Growth Glucose utilization 
hormone (mg/g dry wt./hr) 
concentration r 
(ug/ml.) ‘Fresh’ ‘Stored’ 
0 47-2+0-93 (29) 
0-001 — 40-6 + 7-02 (7) 
0-01 41-44 2-31 (12) 30-7 + 1-93 (9) 
0-1 34-5+ 1-60 (14) 28-7 + 1-26 (5) 
1-0 32-8+ 2-61 (9) 31-6+ 1-39 (3) 
10-0 35-2 +. 1-11 (12) 36-5 + 1-13 (6) 


Standard errors of means are shown. Numbers of experiments are in parentheses. Measurements 
were made over 60 min after 15 min equilibration. Perfusate contained 0-15% glucose and 
2 mu./ml. insulin. 


2 
Additions to perfusate Galactose space (ul./g heart) 

Galactose Glucced Insulin B168GH 
(%) (%) (mu./ml.) Controls (0-1 pg/ml.) Difference 
0-3 0-6 2 596 + 13 (6) 535 + 13 (6) -~61+19 
0-3 0-6 Avs 487 + 20 (6) 387 + 20 (6) — 100428 
O-8 708+ $ (8) 6844 9 (8) 24413 


Measurements were made over 30 min periods. 
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B168GH slows penetration of galactose into the heart. Table 2 indicates 
that this effect is independent of the presence of glucose or insulin. Finally, 
B168GH diminishes the intracellular glucose of the heart. This material 
influences the same properties of the heart as does insulin (Fisher & Lindsay, 
1956), but in the opposite sense. 


REFERENCES 


Bleehen, N. M. & Fisher, R. B. (1954). J. Physiol. 128, 260-276. 
Fisher, R. B. & Lindsay, D. B. (1956). J. Physiol. 181, 526-541. 


Early tension changes during contraction of certain invertebrate 
muscles. By B. C. Assporr and J. Lowy. The Marine Biological 
Laboratory, Plymouth, and Department of Zoology, University of Belfast 

Latency relaxation (LR) is the early small drop in tension which precedes 

isometric contraction of vertebrate skeletal muscle (Rauh, 1922; Sandow, 

1944). LR is only seen in a muscle stretched to give resting tension and increases 

with that tension (Abbott & Ritchie, 1951). 

We have looked for LR in the striated muscles of scallop (Pecten) and crab 
(Maia), and in the smooth muscles of snail (Helix), mussel (Mytilus) and squid 
(Loligo). We find no sign of LR in any of these invertebrate muscles; if an 
early drop in tension does occur it must be less than 10-* of twitch tension. 
(In vertebrate skeletal muscle LR is about 10-* of twitch tension.) 

In frog muscle, LR has been attributed by Sandow (1944) to increased 
extensibility of the contractile component; and by Hill (1951) to lengthening 
of parallel elastic structures. In an attempt to detect LR and possibly to 
decide between these alternatives, muscles with widely differing amounts of 
parallel elastic material were used, and for each type those experimental 
conditions most likely to reveal the presence of LR were chosen. Thus, for 
example, if the extremely extensible retractor of the snail’s pharynx is stimu- 
lated to contract to a length at which it exerts no resting tension and then 
stretched, it shows a transient rise of tension in the contractile component 
(Abbott & Lowy, unpublished). This resting tension decay&é slowly; but even 
if the muscle is stimulated while such tension is still appreciable, contraction 
is not preceded by LR, Again, when the very inextensible retractor of the 
squid’s funnel is stretched to exert a steady, large resting tension, the muscle 
in this state shows no LR on stimulation. 

The muscles of scallop, crab and squid are capable of twitches comparable 
in speed and size to those of frog muscle, and their general mechanical and 
thermal properties seem to be fundamentally the same as those of frog musc!e 
(Abbott & Lowy, unpublished). In squid muscle, even the optical changes 
associated with contraction (Abbott & Lowy, 1956) are similar in nature an‘ 
time relations to those observed in frog muscle (Hill, 1949). 
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Perhaps the most surprising observation is that Pecten adductor, with trans- 
verse striations similar to those in frog muscle, shows no LR. Hill (1951) has 
suggested that the sarcolemma may be particularly associated with LR, and 
it seems significant that no structure as tough and elastic as the sarcolemma 
of frog muscle can be found in Pecten fibres. 


REFERENCES 
Abbott, B. C. & Lowy, J. (1956). Nature, Lond., 177, 788. 
Abbott, B. C. & Ritchie, J. M. (1951). J. Physiol. 113, 330. 
Hill, A. V. (1951). Proc. Roy. Soc. B, 138, 339. 
Hill, D. K. (1949). J. Physiol. 108, 292. 
Rauh, H. (1922). Z. Biol. 76, 25. 
Sandow, A. (1944). J. cell. comp. Physiol. 24, 221. 


Effect of supine leg exercise on the splanchnic A-V oxygen difference 
in normal subjects. By J. M. Bishop, K. W. Dowatp, 8. H. Taytor 
and P. N. Wormatp. Department of Medicine, The University of 
Birmingham, at the Queen Elizabeth Hospital, Birmingham, 15 

Blood was sampled frequently from the hepatic vein and brachial artery at 

rest and during and after 10 min exercise in the supine position in eight normal 

subjects. The percentage oxygen saturation of these samples was estimated, and 
it was thus possible to follow from minute to minute the changes in arterial- 
hepatic venous oxygen content difference (splanchnic A-V difference). 

A considerable increase in splanchnic A-V difference occurred during exercise 
in two subjects performing heavy exercise, but only small increases were 
observed in subjects who exercised less strenuously. After exercise the 
splanchnic A-V difference increased further in the subjects performing the less 
strenuous exercise, and remained in excess of the resting value for up to 
60 min after exercise. 

Assuming that the splanchnic oxygen uptake is unaltered during the period 
under study these changes indicate a reduction of splanchnic blood flow in 
relation to exercise. The mean minimum splanchnic blood flow was deduced to 
be 58 % of the mean resting splanchnic blood flow (range 43-70%). The greatest 
reduction of blood flow occurred in the subjects performing the hardest work. 
In these subjects the lowest blood flow occurred during exercise, but in the 
remaining subjects it was observed during recovery after exercise. 


The effect of exercise on the splanchnic blood flow and splanchnic 
blood volume in normal man. By §. E. Brapiey, A. W. CuiLps, 
B. Compgs, A. Cournanp, 0. L. Wape and H. O. Department 
of Medicine of Columbia University 

In five fasting recumbent normal male subjects aged 39-54 the splanchnic 

_ blood flow was estimated by the bromsulphalein clearance and extraction 

method (Bradley, Ingelfinger, Bradley & Curry, 1945) before, during and after 
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7} min of light leg exercise. Simultaneous measurements of the circulating 
splanchnic blood volume were made by following the tracer concentration of 
arterial and hepatic venous blood after the injection of I labelled human 
serum albumin into a peripheral vein (Bradley, Marks, Reynell & Meltzer, 
1953). Measurements of the oxygen content of arterial and hepatic venous 


blood were made by the manometric method of Van Slyke & Neill (1924) so | 


that the splanchnic oxygen uptake could be calculated. 

The splanchnic blood flow decreased during exercise in all subjects (mean 
fall 355 ml./min; range 450-250 ml./min). The blood flow had returned to its 
pre-exercise levels in two subjects when measured between 10 and 15 min 
after ceasing exercise. In two subjects no rise was observed until 18-22 min 
after exercise, and in one subject when the final measurement of splanchnic 
blood flow was made, 18~22 min after exercise, no rise of blood flow above the 
exercise value had occurred. 


The mean splanchnic oxygen uptake of the group was 60 ml./min before 


exercise and was 50 ml./min during exercise. The circulating splanchnic blood 
volume fell on exercise in all subjects, the mean volume at rest being 1160 ml. 
(range 900-1500 ml.) and during exercise 760 ml. (range 570-930). The mean 
decrease of 400 ml. is statistically significant. In two subjects the splanchnic 
blood volume was slightly larger than before exercise when measured 18-22 min 
after exercise had ceased, in two it was approaching its pre-exercise value and 
in one it remained at the value found during exercise. 
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Comparison of the effect of reserpine and 48/80 on the histamine 
and 5-hydroxytryptamine in mast cells of rats. By B. K. 
Buattacnarya and G. P. Lewis* National Institute for Medical 
Research, Mill Hill, London, N.W.7 


It has recently been demonstrated that histamine liberators release 5-hydroxy- 
tryptamine (5-HT) in addition to histamine from the perfused hindquarters of 
the rat and that the mast cells are the source not only of released histamine 
but also of the released 5-HT (Bhattacharya & Lewis, 1956). Pletscher, Shore 
& Brodie (1956) showed that reserpine depletes the 5-HT in the intestinal wall, 
brain and platelets, and it was therefore of interest to examine whether 


reserpine affects the 5-HT and histamine in the mast cells of the hindquarters 
of the rat in the same way as 48/80. 


* Beit Memorial Research Fellow. 
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(1) Whereas 48/80 injected arterially caused the release of histamine and 
5-HT from the perfused hindquarters of the rat as previously shown, reserpine 
released neither of these substances under the same conditions. 

(2) When the rats had been treated with intraperitoneal injections of 48/80, 
the arterial injection of 48/80 released only small amounts of either histamine 
or 5-HT from the perfused hindquarters. 

(3) When the rats had been treated with intraperitoneal injections of 
reserpine to deplete its body stores of 5-HT, the arterial injection of 48/80 
into the perfused hindquarters released the normal amount of histamine but no, 
or only minute amounts of, 5-HT. 

(4) The mast cells of the mesentery and subcutaneous tissue of rats treated 
with intraperitoneal injections of reserpine were not disrupted or reduced in 
number, whereas this occurred after treatment with intraperitoneal injections 
of 48/80. 

These findings suggest that reserpine injected intraperitoneally depletes the 
mast cells in the tissues of the rat’s hindquarters of 5-HT without affecting 
their histamine content, so that when the mast cells are subsequently subjected 
to the action of 48/80 and disrupted there is only a release of histamine. On 
the other hand, intraperitoneal injection of 48/80 disrupts the mast cells in the 
hindquarters and thereby depletes their tissues of histamine as well as of 5-HT. 


REFERENCES 


Bhattacharya, B. K. & Lewis, G. P. (1956). Brit. J. Pharmacol. (in the Press). 
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The relation of the O, consumption of foetal and new-born lambs 
to the arterial O, saturation. By G. H. Acuxson, G. 8. Dawes and 
Joan C. Morr. Nuffield Institute for Medical Research, University of 
Oxford 

Cross, Tizard & Trythall (1955) and Moore (1956) have observed a reduction 

of 0, consumption in new-born animals when the 0, content of the inspired 

air was reduced. It was therefore of interest to find out whether the O, uptake 
of foetal and new-born lambs varied with the O, saturation of the arterial 
blood, which is comparatively low under foetal sondisiins: 

The O, consumption of foetuses, delivered from ewes anaesthetized with 
sodium pentobarbitone, was calculated from the umbilical A-V O, difference 
and the umbilical blood flow, measured by a modification of the method of 
Cooper & Greenfield (1949). Changes in the 0, saturation of the foetal blood 
were induced by giving the ewe suitable O,:N, mixtures to breathe. In ten 
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foetal lambs (119-138 days gestation age, full-term 147 days) little reduction 
in O, consumption was seen until the O, saturation in the umbilical artery fell 
below 40%. The highest umbilical arterial saturation observed was 67-5°%. 
In order to examine the 0, consumption at yet higher saturations, the lungs 
of seven newly delivered and two naturally born anaesthetized lambs were 
ventilated with O, by a pump in a closed-circuit system. O, consumption was 
measured from a spirometer and the arterial saturation was varied by changing 
the stroke volume of the pump. Again, no significant reduction of O, con- 
sumption was observed unless the O, saturation fell below 40%. The results 
were less regular in the neonatal than in the foetal condition; this may have 
been due to the difficulty of detecting minor departures from the basal state, 
such as imperceptible shivering; small changes of body temperature also 
influenced O, uptake considerably. 

- The O, consumption of foetal or new-born lambs is therefore independent of 
the O, saturation of the arterial blood when this exceeds 40%. Below this 
level, the O, supply to the tissues may become inadequate, as shown by the 
very low O, content of systemic venous blood under such conditions. 


We are most grateful to the Nuffield Foundation for their generous help. 
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Differentiation of tonic from phasic extensor motoneurones by 
post-tetanic potentiation. By R. Granit, H.-D. Henatscn and 


G. Sree. Nobel Institute for Neurophysiology, Karolinska Institutet. 
Stockholm 60, Sweden 


In decerebrate and de-efferented cats standard 10 mm stretch reflexes from 
the ankle extensors have been facilitated by post-tetanic potentiation, and the 
total number of spikes measured in 100 samples of isolated ventral root fibres 
(as in Granit, 1956). Two main categories, brief phasic and long-lasting tonic 

reflexes (Fig. 1), were obtained and, when both were present in the same 
filament (see fig.), the phasic one tended to be the larger spike of the pair. 
Increase of extensor tonus by decortication of the anterior lobe of the cere- 
bellum failed to make the phasic discharge tonic but lengthened the duration 


of the tonic one. 
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The tonic y activity labelling and operating ventral horn cells by post- 
tetanic potentiation over the spindle loop afferents (Granit, 1956) is thus 


3 Tet, 


Fig. 1. Graph of stretch reflex (gastrocnemius) represented by small and large spike in ventral 
root filament. Discharge before post-tetanic potentiation (left), followed by 10 sec tetanus 
(1 sec illustrated) and potentiated response (right). Original records inserted. 


mainly directed towards special tonic « ventral horn cells. Judging by spike 
size the tonic cells are likely to be smaller than the phasic ones. (To be 
published in Acta physiol. scand.) 


REFERENCE 
Granit, R. (1956). J. Physiol. 181, 32-51. 


The effect of inhibition of amine oxidase on the excretion of 
administered adrenaline and noradrenaline in cats. By 8. J. 
Corne. Department of Pharmacology, Welsh National School of Medicine, 
Cardiff 


By following the excretion of adrenaline labelled in the «, 8 or methyl position 
with “C in rats before and after inhibition of amine oxidase by 1-isonicotiny}- 
2-isopropyl hydrazine (IIH), Schayer & Smiley (1953) concluded that this 
enzyme was responsible for the catabolism of at least 50% of administered 
adrenaline. This conclusion is not confirmed by the results of von Euler & 
Hellner-Bjérkman (1955) in cats or by a comparison of the excretion of 
adrenaline, noradrenaline and corbasil in humans (von Euler & Zetterstrom, 
1955). 
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Tas.E 1. Percentage recovery of free adrenaline and noradrenaline in urine of 


cats and the efféct of ITH 
Adrenaline Noradrenaline 
Control ‘Control 
1-9 4-6 3-1 5-8 
1-6 4-0 43 5-7 
3-1 5-4 3-2 4-4 
2-2 49 41 6-2 
2-9 6-6 3-8 3-8 
2-3 57 3-7 5-9 
4-0 53 3-4 6-1 
2-3 3-9 
% mean 2-54+40-27 5-2+40-31 3-74+0-15 5-4+40-35 


Anaesthetized cats were infused with adrenaline (approx. 4 ug/kg/min) or 
noradrenaline (approx. 2yg/kg/min) for 4-5 hr and urine collected into 
0-5 ml. n-HCl surrounded by ice during and for 1 hr after infusion. Extraction 
and fluorimetric estimation was performed according to a modified procedure 
of Lund (1950). Percentage recovery of adrenaline or noradrenaline is inde- 
pendent of the rate of infusion within the limits used (1-4—8-5 wg/kg/min for 
adrenaline and 1-5-2-7g/kg/min for noradrenaline). 10 mg/kg IIH was 
injected i.v. 2 hr before the infusion in half of the animals. The results are 
given in Table 1. 

No conjugated amine was found in the urine of control cats or those which 
received ITH. Since only approximately 5% of the administered adrenaline 
and noradrenaline was recovered in the urine of the animals treated with ITH, 
there is no evidence for the view that amine oxidase is responsible for the 
catabolism of a large portion of these amines in vivo. 


REFERENCES 


Euler, U. 8. von & Hellner-Bjérkman, 8. (1955). Acta physiol. scand. 38, Suppl. 118, 21-25. 
Euler, U. 8. von & Zetterstrém, B. (1955). Acta physiol. scand. 38, Suppl. 118, 26-31. 
Lund, A. (1950). Acta pharm. tox., Kbh., 6, 187-146. 

Schayer, R. W. & Smiley, R. L. (1953). J. biol. Chem. 202, 425-430. 


A comparative study of kinin, kallidin and bradykinin. By 
D. J. Houpstock, A. P. Marutas and M. Scuacuter. Departments 
Physvology and Biochemistry, University College London 


Kinin (Schachter & Thain, 1954) has been further studied. A partially 
purified preparation contracts the isolated guinea-pig ileum and rat uterus in 
concentrations of 0-025 and 0-005 ug/ml. respectively, and markedly lowers 
the arterial blood pressure of the anaesthetized rabbit or dog on intravenous 
injection of 1-0 pe/kg. It is approximately 100 times more effective than 
histamine in increasing capillary permeability to circulating dye when injected 
intradermally in the guinea-pig, and some 10 times as effective as acety!- 
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choline in producing pain on a blister base of human skin. Kinin is readily 
distinguished from kallidin (Werle & Berek, 1950) and from bradykinin 
(Roche e Silva, Beraldo & Rosenfeld, 1949) by its rapid inactivation by trypsin, 
and by paper chromatography in butanol-acetic acid solvent. 

Kallidin (prepared by the action of human salivary kallikrein on ox serum) 
could not be distinguished from bradykinin (prepared by the action of 
B. Jararaca venom or of trypsin on ox serum globulin). They were indistinguish- 
able by their relative susceptibility to inactivation by trypsin, chymotrypsin 
and human serum; or, by paper chromatography in butanol-acetic acid 
solvent, by paper electrophoresis, and by parallel pharmacological tests on 
various preparations. Kallidin and bradykinin from the same species are 
therefore closely similar, or possibly, identical. 

Kallidin and bradykinin, like kinin, are effective agents in increasing 
capillary permeability on intradermal injection. All also produce a generalized 
increase in capillary permeability (of visceral organs as well as skin) to a 
circulating dye when they are injected intravenously. 
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The maintenance of different sickling rates in similar popula- 
tions. By H. Lenmann and A. B. Raper. Department of Pathology, 
St Bartholomew’s Hospital, London, and Medical Laboratory, Kampala, 
Uganda 

When we observed remarkable differences in sickling rates of Bantu tribes 

in Uganda we attributed this to varying mixtures with Nilo-hamitic stock of 

low sickling rates (Lehmann & Raper, 1949). Allison (1954) explained these 

Tascez l. Disadvantage of the normal homozygote in two populations with sickling rates 19 and 


39% respectively. Death-rates are calculated as those necessary to maintain a stable gene 
frequency, on the assumption that the death rate of sickling homozygotes is 100% 


Prepuberty death-rate (%) 
Sickling rate General heterozygotes mozygotes c/b=disadvantage o 

(%) (a) (b) (c) normal homozygotes 
19 20 11-6 20-8 1-78 
39 20 0-64 24-7 38-59 
19 40 33-7 40-7 1-21 
39 40 26-3 43-6 1-66 
19 60 55-8 60-5 1-08 
39 60 49-7 62-7 1-26 
19 80 779 80-2 1-03 
39 80 75-2 81-3 1-08 
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differences primarily on the basis of differing degrees of malarial severity, the 
sickling heterozygotes having a greater chance of surviving in malarious regions. 
There are instances in which either of these two explanations may suffice by 
itself. There are, however, in Uganda large differences in sickling rates between 
peoples not widely different ethnologically and living in closely similar malaria! 
environments. Some additional explanation is needed in such cases. 

We have examined the Baamba, a tribe with a 39% sickling rate, and have 
found that procreation of sickling homozygotes cannot play a material part in 
the maintenance of the high sickling rate. Their overall death-rate before the 
age of puberty has been assessed at about 65°% (McFie, personal communica- 
tion). In another Bantu tribe also living in a hyperendemic malarious region 
(the Baganda in Mengo District) the sickling rate is 19 % and the corresponding 
death rate is assessed at 40%. The disadvantage of the normal homozygote 
can be related to the overall death-rate (see Table 1). Severe malaria which 
might not cause death by itself may be converted into a lethal attack by other 
disadvantages, the selective death-rate therewith being expanded. 

It has been suggested that the inbreeding (genetic drift) which does occur in 
communities with particularly low social status may play a part in the develop- 
ment of high sickling rates (Lehmann, 1954). This cannot explain persistent 
differences between large populations. It now seems to us that a more likely 
explanation is the high wastage of life that is associated with a primitive 
existence. 
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Thalamic representation of splanchnic nerve afferents in the cat. 
By J. G. McLxop. Laboratory of Physiology, University of Oxford 


Following electrical stimulation of the greater splanchnic nerve, responses of 
single neural units have been recorded extracellularly in the thalamus of the 
cat with monopolar electrodes of tip diameter 5-10 ». It has been demonstrated 
histologically that most of these responses occurred in the n. ventralis dorso- 
lateralis of the contralateral side and some in that of the ipsilateral side. Units 
were recorded in regions of the nucleus which were activated by stimulating 
the skin on all parts of the body surface, although tending to be concentrated 
in the trunk area, and it has been possible in many cases to show by means of 
occlusion studies that cutaneous and splanchnic pathways converge on the 
same unit in the thalamus. 

By recording the compound action potential from the splanchnic nerve and 
sympathetic trunk at the same time as the thalamic responses the electrical 
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threshold of each unit has been determined in terms of the fibre groups excited 
in the nerve. On the contralateral side, the units fall into two main groups: 

(i) Units responding to stimulation of the fast conducting afferents, which 
have a maximum conduction velocity of 70-75 m/sec. A fibre spectrum has 
been constructed for the splanchnic nerve, from which it is deduced that the 
diameter of this group of fibres is between 8-14. The units have a mean 
latency of 12-2 msec. 

(ii) Units responding to stimulation of the slowly conducting afferents which 
have a maximum conduction velocity of 30-35 m/sec. The fibre diameter for 
the group is 4-6», and the mean latency of the units is 21-4 msec. 

On the ipsilateral side, only units which respond to stimulation of the 
slowly conducting group of afferents have been found, and these have a mean 
latency of 18-5 msec. Cutaneous and splanchnic pathways converge on both 
types of unit on the contralateral side and on the units on the ipsilateral side. 


Catechol amines and adenosinetriphosphate (ATP) in the supra- 
renal gland of the rabbit. By A. D’Iorio and N. R. Eape. 
Department of Pharmacology, University of Oxford 

Determinations have been made of the catechol amine and ATP content of the 

suprarenal gland of the rabbit. In five normal animals the molar ratio 

‘adrenaline: ATP’ varied from 3-16 to 4-78, with a mean of 3-81. Itisinteresting 

to note that the mean figure for this ratio is similar to the number of negative 

charges (3-5-4-0) carried by the ATP molecule at neutral reaction. In other 
words, it is possible that in the rabbit all the catechol amine is stored as the 
salt of ATP. 


TABLE | 
Adrenaline ATP Molarratic: | Adrenaline ATP Molar ratio 
(umoles per g of (umoles per g of 
Expt. no protein nitrogen) ATP protein nitrogen) A 
1 215 68 3-17 48 45 1-07 
2 164 43 3-81 53 40 1-32 
3 216 64 3-37 48 44 1-09 
4 184 38-5 4-78 
5 208 53 3-92 — — _- 
N.B. The molecular weight of adrenaline has been used in the calculation of molar 
concentrations and molar ratios. 


In three of these experiments the normal animals served as controls for 
rabbits which had received a convulsive dose of insulin (5 international units 
per kg). The results are given in Table 1; they show that a loss in catechol 
amines was not accompanied by a similar loss of ATP. Thus, no evidence was 
obtained that release of amine was dependent upon release or breakdown of 
ATP; however, the possibility of a rapid resynthesis of ATP has not been 

« excluded. 
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The grading of muscular work. By J. R. Brown and G. P. Crowpen. 
Department of Applied Physiology, London School of Hygiene and Tropical 
Medicine, London, W.C.1 

Terms such as light, moderate and heavy have long been used to describe the 

severity of muscular work, and ranges of energy expenditure have been 

specified for each grade by various observers. Among the scales at present in 

use are those of the British Medical Association (1950) and Christensen (1953), 

additional or net calories per hour being used in the former and gross calories 

per minute in the latter. 


TABLE 2 
B.M.A. (1950) Christensen (1953) 

Classification net keal/hr gross kcal/hr 

Sedentary 62 obs. <70 102 obs. <150 
Light 74 obs. >70 135 obs, >150 
Moderate 93 obs. >100 18 obs. >300 
Hea 22 obs. >200 — >450 
Very heavy 4 obs. >300 —  >600 


Table 1 gives the findings of 255 direct observations of energy expenditure 
in a modern engineering factory, and Table 2 shows the grading of the work 
tasks according to both scales. Table 1 shows that the gradings based on 
metabolic data and the British Medical Association scale of ranges of energy 
expenditure are in substantial agreement with the classification adopted by 
experienced observers of the Ministry of Labour and National Service. 

The expenses of this research were defrayed by a grant from the Medical Research Council. 
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Presence of an unidentified pharmacologically active substance 
in skin extracts. By N. Ampacue and G. B. West. Ophthalmological 
Research Unit, M.R.C., Institute of Ophthalmology, Judd Street, London, 
W.C.1, and Department of Pharmacology, School of Pharmacy, University 
of London 


Shaved rabbits’ ears were freed of blood by brief arterial perfusion with 
10-20 ml. Locke. The skin was dissected from the cartilage, weighed and 
ground in either 0-9 NaCl, de Jalon’s fluid, or distilled water (1 ml./100 mg); 
the extracts were left 2-3 min in a boiling water bath and cleared by centri- 
fugation. Six such extracts and five others from unperfused ears all contained 
asubstance which contracted the rat colon in 10-? atropine and 10-? lysergic 
acid diethylamide (LSD); effective dose: =2-5 mg skin/5 ml. bath. The 
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substance is present in skin from either surface of the ear but, as shown in 
the figure, assays of ‘dorsal surface’ extracts show greater interference by 
inhibitory substances, possibly noradrenaline (cf. B and C with A and D). 
The active substance is not histamine, acetylcholine or 5-hydroxy trypt- 
amine (5-HT); nor is it substance P or bradykinin, being soluble (and also 
directly extractable from the tissue) in 95% acetone and resistant to chymo- 


A B D 


=3 mg =3 mg = mg mg 
Ventral Dorsal Dorsal Ventral 
surface surface surface § surface 


trypsin-digestion. It behaves as an acid on paper electrophoresis at pH 8-8. 
On atropinized rat uteri both crude and electrophoretically purified extracts 
are relatively inactive, but crude extracts potentiate the response to subsequent 
doses of 5-HT; on the other hand the rat uterus is > 10 x as sensitive as the 
colon to neutralized ATP. 

A similar substance is found in rat, guinea-pig and cat ears and in skin from 
the flank of the above four species and from rats’ tails. Extracts of these 
tissues and of rat livers and spleens all contain a substance which contracts 
the rat colon (in atropine + LSD) but which has not been as fully characterized 
as that from the rabbit’s ear. 
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Effect of phlorhizin on bile glucose. By F. A. Jenner and D. H. Smytu. 
Department of Physvology, University of Sheffield 

Cooke, Lawler, Calvin & Green (1952) applied to the study of bile formation 

a procedure analogous to renal clearance, and concluded that only two processes, 

filtration and secretion, are involved, and that reabsorption does not play a 
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part in bile formation. Glucose is said to pass into bile mainly by filtration, 
with the possibility that active secretion of glucose into bile may also play a 
small part. Since phlorhizin is well known to affect transfer of glucose in other 
parts of the body, it seemed likely that a study of its effect on glucose transfer 
into bile might throw light on the process of bile formation. The few previous 
_ studies of the effect of phlorhizin on bile glucose are very incomplete and 
mutually contradictory. 

Dogs were anaesthetized with pentobarbitone sodium, the cystic duct was 
tied, and the common bile duct cannulated. Phlorhizin, dissolved in sodium 
bicarbonate, was injected intravenously in doses of approximately 200 mg/kg, 
and samples of venous blood and bile were collected at 5-10 min intervals. 
The norma! bile glucose in the dog was found to be 25-55 mg °%, i.e. considerably 
lower than the blood glucose. After injection of phlorhizin, the bile glucose 
rose rapidly and either remained at the same level as the blood glucose, or in 
some cases ran parallel to the blood glucose but at a higher level. 

There are several possible explanations of the results. The liver cells may 
play an active role in preventing glucose from passing into the bile, or in re- 
absorbing glucose from the bile, and thisactive process is inhibited by phlorhizin. 
Another possible factor (which could be additional to the above) is that 
phlorhizin raises the level of liver glucose, and there is some evidence that this 
may happen (Bach, 1939). This could explain why bile glucose can be higher 
than blood glucose, as the bile may be in equilibrium with the liver cells rather 
than with the blood. It is possible that bile formation involves reabsorption 
of water, but it is unlikely that our results are explained solely by changes 
in water reabsorption, as phlorhizin actually increased the rate of bile 
formation about 3 times. The possibility that the increased bile glucose is 
derived from the glucose part of the phlorhizin molecule seems to be unlikely, 
since phlorhizin added to dog’s bile does not increase its glucose content. 

The results in any case appear to be incompatible with the views of Cooke et 
al,, and suggest an active participation of the liver in the equilibrium between 
blood and bile glucose. 
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Compliance studies in anaesthetized paralysed human subjects. 
By J. B. L. and B. W. Prcxerr. Departments of Physiology 
and Medicine, The Middlesex Hospital Medical School, and the Department 
of Anaesthesia, The Middlesex Hospital 

The elastic properties of the thorax were studied in anaesthetized paralysed 

human subjects when supine, using cyclical positive pressure inflation. Between 

5 and 25cm H,0O inflation pressure the pressure-volume relationship of the 

thorax was linear, the mean slope of which in eleven subjects was 52 ml./cm H,0. 

Below about 5 cm H,0 inflation pressure the thoracic compliance had a lower 

value resulting in the ratio of volume increment to pressure increment over 

0-20 cm H,O having a value of 45 ml./om H,0O. 

The separation of the total compliance into its lung and thoracic cage 
components was made by means of the changes in intraoesophageal pressure. 

The low initial total compliance was found to be largely due to a low initial 
lung compliance. Expressing the pressure-volume relationships of these two 
structures in the same way as for total compliance, the main slopes of the lung 
and thoracic cage pressure-volume lines in eight subjects were 80 and 194 ml./ 
cm H,0 respectively and the ratios of volume increments to pressure increments 
were 67 ml./em H,O at 10 cm H,0 for the lung and 159 ml./em H,O at 5 cm 
H,0 for the thoracic cage. 

The total thoracic compliance determined in these studies was lower than 
the reported values obtained in conscious supine subjects (Ferris, Mead, 
Whittenberger & Saxton, 1952), and was largely due to a lower lung compliance, 
viz. 67 ml./em H,O compared with 228 ml./em H,0. 

The reason for this difference between conscious and anaesthetized paralysed 
positive pressure inflated subjects is obscure; neither broncho-constriction, 
pulmonary congestion nor a change in the functional residual capacity could 
have played more than a minor role. 

It is suggested that the distribution of the air introduced by positive pressure 
inflation of the paralysed chest is different from the relatively even distribution 
occurring when the thorax is inflated naturally by the action of the respiratory 
muscles. Positive pressure inflation may thus be associated with over- 
inflation of some areas, which would contribute a greater recoil pressure for 
the same volume of air introduced into the lungs. This would result in a lower 
lung compliance under these conditions. 

The initial low compliance region was abolished by maintaining a small 
positive end-expiratory pressure within the airways. It is suggested that this 
low compliance region is associated with closure of some of the airways and 
simultaneous intrapleural pressure measurenients indicate that these have 
a critical closing pressure of the order of 3-5 cm H,0. 
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The effect of vasoconstriction on the critical closing pressure of 
blood vessels in the frog’s hind limb. By Marcarer R. Brixars. 
Laboratory of Physiology, University of Oxford 

Burton (1951), in discussing conditions in a constricted blood vessel, predicted 

that, when the pressure within its lumen falls, the vessel will close completely 

at a finite pressure (critical closing pressure or c.c.p.), which will vary according 
to the ‘tension’ maintained by the smooth muscle in its wall. The experi- 
mental results in favour of this hypothesis (Nichol, Girling, Jerrard, Claxton & 

Burton, 1951; Girling, 1952) were obtained principally from the rabbit’s ear, 

which is peculiar in containing many arteriovenous anastomoses. The present 

experiments were designed to assess alterations of c.c.p. with vasoconstriction 
in blood vessels of skeletal muscle. 
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Fig. 1. Flow-pressure curves in same hind limb. A, resting control; B, sympathetic 
stimulation; C, noradrenaline perfusion. 


The hind limb of the frog was perfused with Ringer’s solution. Flow-pressure 
curves and ¢.c.p.’s were determined by the vertical-tube method (Nichol et al. 
1951). Vasoconstriction was produced either by stimulating the sympathetic 
chain on the side perfused, or by perfusing with noradrenaline solution 
(0-5 ug/ml.). 

By these means, the flow was reduced from the control values by an approxi- 
mately constant percentage during any one series of observations. The re- 
ductions in flow were: sympathetic stimulation, 20-90%; noradrenaline 
perfusion, 35-97%. The c.c.p. was not significantly altered during vaso- 
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constriction. Average c.c.p. during sympathetic stimulation (7 expts.) was 
2-00 cm saline (s.p. + 0°49), control c.c.p. 1-56 cm saline (s.D. 0-58); average 
c.c.p. during noradrenaline perfusion (4 expts.) was 1-84 cm saline (1-35- 
2-18 cm), control c.c.p. 1-55 cm saline (0-58-2-65 cm). A typical result is shown 
in Fig. 1. 

Thus, vasoconstriction sufficient to give striking alterations in flow-pressure 
curves caused only slight changes in c.c.p. There is little evidence, therefore, 
that in this preparation the critical closing pressure is dependent on vascular 
tonus. 


An M.R.C. studentship is gratefully acknowledged. 
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Measurement of forearm blood flow by strain gauge and volume 
plethysmographs. By R. 8. J. Ctarkce and R. F. Hetton. Medical 
Research Council Umit for Research on Climate and Working Efficiency, 
Department of Human Anatomy, University of Oxford 


When the mercury-in-rubber strain gauge plethysmograph was introduced 
(Whitney, 1953), two comparisons were made with the conventional volume 
plethysmograph. First, forearm blood flows were measured by strain gauges 
placed inside a water plethysmograph. The gauge gave values about 50% 
higher than the other method. Secondly, using strain gauges alone, blood 
flows were recorded under identical conditions to those of Barcroft & Edholm 
(1943). Good agreement was found between their results and those from the 
strain gauge, but the comparison was confined to low rates of blood flow. 
A more extensive comparison has now been made using a volume plethysmo- 
graph and a strain gauge simultaneously on opposite forearms. 


TaBLE 1. Forearm blood flows (ml./100 ml./min) for five subjects. Each value 


is the mean of about 250 readings 
perature © mogra auge mograph, Ga 
C0) L R R 
32 2-53 2-36 2-83 2-71 
36 6-40 7-02 5-91 4-78 
40 11-00 9-79 15-73 13-54 


Five subjects were used, each on three occasions (see Table 1): (1) The 
plethysmograph was mounted on the left forearm and the strain gauge on the 
right forearm. (2) The instruments were reversed. (3) A strain gauge was 
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mounted on each forearm. Both arms were immersed in a stirred water- 
bath. Blood flows were measured at water temperatures of 32, 36 and 40° C 
(50 readings at each level of temperature). 

The mean results showed that the plethysmograph tended to give higher 
blood flows than the strain gauge, by 6% at the lowest temperature, 7° at the 
intermediate temperature and 13% at the highest temperature. The results 
from the two strain gauges showed no tendency for either forearm to have 
consistently higher blood flows. It may be concluded that a strain gauge 
mounted midway along the forearm gives results which are comparable with 
a volume plethysmograph. 

Experiments with three strain gauges on one forearm revealed that 
occasionally large differences in blood flow occurred between the middle gauge 
and those on each side of it. These differences do not appear with the volume 


plethysmograph, and for results comparable with the latter the strain gauge 
should be placed in the mid-position. 


REFERENCES 


Barcroft, H. & Edholm, 0. G. (1943). J. Physiol. 102, 5-20. 
Whitney, R. J. (1953). J. Physiol. 121, 1-27. 


Anatomical localization of excitation and inhibition of spinal 
motoneurones. By J. M. Spracug. Department of Anatomy, School of 
Medicine, University of Pennsylvania, Philadelphia, U.S.A. 


The present work was undertaken to correlate anatomical and physiological 
findings in the cat and indicates that short latency inhibition of spinal mono- 
synaptic reflexes is accomplished (at least in part) by synapses on the dendrites, 
while excitation and facilitation are served by fibres terminating on both cell 
bodies and probably also on dendrites of motor cells. In spinal cats, test mono- 
synaptic discharges were set up from $1 dorsal root and recorded from 81 
ventral root; these were facilitated by conditioning stimulation of L7 dorsal 
root, 0-0-5 msec before the test volley, and inhibited by similar stimulation 
of L6 (and occasionally L5) dorsal root. Likewise, reflexes in L7 segment 
were facilitated by volleys in L6, and inhibited by volleys in L5. Also test 
reflexes in $2 and 83 segments (innervating tail muscles) were inhibited by 
volleys in contralateral $2 and $3 dorsal roots (Lloyd, 1941; Lloyd, Sprague & 
Edison, unpublished). Because of the reciprocal distribution of the mono- 
synaptic pathway in the same and immediately adjacent segments (Lloyd, 
1946), reflex facilitation in these areas was mixed with masked inhibition. But 
inhibition observed under these conditions was not contaminated by masked 
facilitation. This makes possible a rigorous analysis of the physiological effect 
and the anatomical structures concerned. 
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Individual dorsal roots were cut extradurally, and after 3-5 days sections 
were stained with the Laidlaw modification of the Nauta technique (Chambers 
& Liu, 1956). This silver technique selectively stains degenerating axoplasm up 
to and including the finest terminal branches. Those degenerating fibres which 
reach motoneurones in the same and next adjacent segments as the cut root, 
terminate on both cell bodies and dendrites of motor cells. Fibres which reach 
motoneurones 2~3 segments from the cut root terminate almost exclusively on 
the dendrites, and are not found on cell bodies of these motor cells. The reflex 
experiments show these to be concerned with direct inhibition. These findings 
suggest a cytological localization of inhibition and excitation in the mono- 
synaptic pathway, and show that part at least of short latency inhibition of 
spinal monosynaptic reflexes is mediated directly to the motor cells. Anatomical 
data are not at hand to lend support to or disagreement with the suggestion of 
Kecles, Fatt & Landgren (1956) that direct inhibition of monosynaptic reflexes 
is mediated by interneurones. 


Most of this work was done while the author was Visiting Inspector in the Rockefeller Institute 
for Medical Research, New York. 


REFERENCES 


Chambers, W. W. & Liu, J. (1956). Amer. Assoc. Anat. (Abstr.). 
Eccles, J. C., Fatt, P. & Landgren, 8. (1956). J. Neurophysiol. 19, 75. 
Lloyd, D, P. C. (1941). J. Newrophysiol. 4, 184. 

Lloyd, D. P. C. (1946). J. Neurophysiol. 9, 439. 


| 
| 
Ade 
| An a 
| The 
f 
: | The } 
| direct 
rubbe 
betwe 
4 three- 
non-c 
{c) Ty 
princi: 
bag 
bag a 
provic 
the ex 
When 
q blood 
Persp 
Meter 
timer 
Cc 


27P 


PROCEEDINGS OF 
THE PHYSIOLOGICAL SOCIETY 


PHYSIOLOGICAL LABORATORY, 
DOWNING STREET, CAMBRIDGE 


20-21 July 1956 


A device for solving the alveolar-capillary diffusion equation. By 
A. C. and G. pg J. Lez 


An apparatus for the study of hypotonic haemolysis. By V. R. 
PICKLES 


The effect of rapid changes in ionic concentration on the tension 
produced by single muscle fibres. By R. H. Coox, A. L. Hopextn 
and P. Horowicz 


The balance flow-meter. A simple method for recording blood 


flow. By E. C. Savini*. Department of Pharmacology, Royal College 
of Surgeons, London 


The blood flows through the apparatus which measures the rate of flow 
directly. As shown in Fig. 1 the apparatus has three main parts: (a) Two 
rubber bags, each contained in a separate Perspex chamber. Communication 
between them can be interrupted by means of an electromagnetic tap. (b) A wide 
three-branch mercury manometer filled above the mercury with an electrically 
non-conducting liquid and provided with three electrodes of different lengths. 
(c) Two relays connected to the battery and to a Gaddum drop timer. The 
principle is that of a balance: when the pressure increases in the left rubber 
bag and in the left branch of the manometer it decreases in the right rubber 
bag and in the right branch of the manometer, and inversely. A screw tap is 
provided on a manometer bypass tube; this is open only at the beginning of 
the experiment to equalize the pressure of the system, and is then kept closed. 
When no current is flowing, the electromagnetic tap is closed, so that the 
blood arriving in the left rubber bag distends it, increasing the pressure in the 
Perspex chamber. The pressure is transmitted to the left branch of the mano- 
meter so that the contact between mercury and electrode is broken and the 
timer lever begins to rise. When the mercury rises in the right branch as far 
* In receipt of the Riker Fellowship. 
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as the right electrode a contact is made between the latter and the common 
middle electrode. This contact operates a relay which opens the electro- 
magnetic tap, allowing the mercury columns to equilibrate. This completes the 
circuit in the drop timer and the lever is released. At the same time this 
movement of mercury rapidly squeezes blood from the left chamber and 
aspirates it into the right. At this moment also the mercury completes the 
circuit between the left and common electrodes thus actuating the second 
relay and closing the electromagnetic tap. The blood begins to fill the left 
rubber bag again and a new cycle starts. The volume of the blood shifted in 
each cycle is adjusted by raising the right electrode, and is measured by 


Electrodes 


Timer 


Paraffin oil 
Water 
Hg 
By. pass .. screw 
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out 
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means of a small syringe. A convenient volume for cat’s carotid artery is 
1-8 ml.; with a manometer 21 mm wide, this volume represents a maximum 
pressure change of 9 mm mercury, and a mean back pressure of about 5 mm 
mercury. 

Details of construction and use. The rubber bag can be made by cutting a 
suitable length of a finger stall, or can be better made in latex dried on a test 
tube (length 50 mm, diameter 12-15 mm). Each Perspex chamber is 50 x 24 x 
24 mm (inside) and the cover is provided with a leak-proof gasket of portex 
sheet. It is provided with two outlets for connexion with the manometer and 
for filling with water. The arterial cannulae are connected to the rubber 
chambers by 1 mm wall and 2-5 mm bore translucent silicone rubber tubing, 
and the two chambers are connected by 0-5 mm wall and 4 mm bore silicone 
tubing. The electromagnetic tap is 100 0/24 V. The two relays are 40 0/12 V. 
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The manometer is about 17 cm high, the inside diameter 21 mm, the bore of 
the four outlets and the middle branch 5 mm. The electrodes are iron and the 
fluid used is paraffin oil. Clotting must be prevented by heparin. By using 
different sizes of manometer and adjusting the right electrode, rates of blood 
flow from 1 to 300 ml./min can be measured. The pressure drop across the 
meter varies from 3 to 8 mm. Heat loss is unimportant and can be prevented 
by heating the Perspex chamber with a lamp. The quantity of blood necessary 
to fill the two rubber chambers varies between 8 and 15 ml. and depends on 
the filling of the Perspex chambers. For an electrode volume of 1-8 ml. the 
accuracy is +2% up to 30 c/min (output 54 ml./min). With higher cycle 
frequencies the error increases. The best frequency is 20, and to accommodate 
rapid flows the interelectrode distance must be increased. 


The effect of evaporation on temperature control of the isolated 
perfused heart. By J. R. Hancock and P. A. Nasmytx. Department 


of Pharmacology, St Mary’s Hospital Medical School, Paddington, London, 
W.2 


In the Langendorff method of heart perfusion it is difficult to maintain the 
temperature of the heart constant since evaporation at the surface of the 
heart may alter its temperature independently of that of the perfusing fluid 


Bese 20 cm 


To outflow 
recorder 


_ The apparatus illustrated here was designed to obtain a constant tempera- 
ture in metabolism experiments on hearts perfused by the Langendorff method. 
It is made of Perspex and consists of a water-bath containing glass coils and 
& temperature control unit. A glass cannula passes through the side of the 
bath in a Perspex sleeve inserted below the water-level. The cannula projects 
into a Perspex box attached to one side of the bath which acts as a heating 
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panel, warming the air inside the box. The front of the box slides out so that 
the heart may be attached to the cannula. The base is funnel-shaped and 
provided with an outlet to which a Stevenson outflow recorder may be 
attached and which acts as an effective seal. 

With the front of the box in place, the heart is totally enclosed, with the 
exception of a small hole through which passes a thread connecting the heart 
to a lever. Under these conditions, the atmosphere in the box becomes 
saturated with water vapour and the perfusing fluid and the inside of the 
ventricle are at the same temperature as the water-bath. The surface tempera- 
ture of the heart is about 1° C below the water-bath temperature. 

When the front of the box is removed and evaporation is allowed to take 
place, it can be demonstrated that, even though the temperature of the 
perfusing fluid is unchanged, the temperature at the surface of the ventricle 
falls by about 3-0° C. These effects occur at a room temperature of 19-0° C 
and are sufficient to cause changes 1 in the heart beat and constriction of the 


coronary vessels. 


The measurement of sperm motility in relation to metabolism. 
By H. M. Dorr and A. Watton. A.R.C. Unit of Reproductive Physiology 
and Biochemistry, Cambridge 


Two types of apparatus are demonstrated. The first is an improved model of 
the semen perfusion apparatus shown by Dott & Walton (1953). Semen of 
ram or bull is kept undiluted in cellophane dialysis tubes continuously per- 
fused outside by Krebs—Ringer bicarbonate solution. The flow of liquid is 
maintained by a roller pump and the rate adjusted to remove waste products 
of metabolism so that pH remains constant within physiological limits. 
Metabolic substrates, enzyme inhibitors, etc., which are dialysable, can be 
added to the perfusion fluid and the effects on motility recorded. The perfusion 
fluid is equilibrated with gas mixtures containing 5° CO, and any required 
mixture of O, and N,, so that both aerobic and anaerobic metabolism can be 
studied. Sperm-motility is measured by the impedance change frequency 
(Rothschild, 1948). 

In the second type of apparatus sperm motility is measured ctapsoutively 
with O, uptake in a specially designed Warburg differential manometer bottle. 

The results obtained show that anaerobic glycolysis is not the sole source of 
energy for sperm movement and that respiration also plays an important part. 
The maximum motility is obtained when both glycolysis and respiration are 
operating together. 
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A high-speed infra-red recording optometer. By F. Ww. CAMPBELL. 

Physiological Laboratory, University of Cambridge — 1 
This optometer was developed to record small and rapid changes in accom- 
modation in human and animal eyes. 

Two narrow beams of light, formed by a tungsten source, enter the pupil of 
the eye paraxially. Each beam forms an image of a slit diaphragm on the 
retina. If the slit diaphragm and the retina are at the conjugate foci of the 
optical system a single image of the slit is formed on the retina. If the re- 
fractive power of the eye changes a double slit is formed (Scheiner’s experiment). 

Separation of the two slit images on the retina is detected by placing a 50% 
mixing cube in front of the eye and focusing the parallel light leaving the eye 
on to a photocell by means of a suitable lens. The photoéell has two rectangular 
lead sulphide photosensitive surfaces lying side by side. The reflected light 
from the slit images formed on the retina is focused on to these photosensitive 
surfaces. To simplify the amplification of the photocell output, an a.c. system 
is used. A sector wheel interrupts alternately the two narrow beams entering 
the eye at 300 c/s, The outputs from the two elements of the photocell are 
connected in a bridge circuit so that only difference signals are detected. Thus, 
any change in the separation of the two retinal images will be detected, but 
stray light falling evenly on the two photocell elements will be rejected. The 
output from the photocell bridge is then amplified, rectified, integrated over 
0-1 sec and fed into a suitable pen recorder. 

The photocell is cooled by means of solid CO, to increase its sensitivity to 
energy between 0-8 and 1-2 uw. Thus an infra-red filter may be placed in the 
path of the ingoing beams to render them invisible to the subject and to 
prevent pupil contraction. 

Changes of refractive power of +0-1 D may readily ~ detected from 0 to 


10 c/s, Suitable clamps are provided to hold the head steady. Normal fixation 


movements of the eye do not affect the recording. Long-term stability is good. 


The W. H. Ross Foundation kindly supplied some of the optical apparatus used in this optometer. 


Tendon refiexes in free fall. By B. H. C. Matrnews. Physiological 
Laboratory, University of Cambridge 


- Free fall leads to vigorous reflex responses in animals. Some of these have been 


analysed by cinema records (McDonald, 1955). Conditions approaching those 
of free fall are met with by man for short periods in some aircraft manoeuvres 
and in parachute drop with delayed opening, but little exact analysis of reflex 
responses is possible under such conditions. 

A drop platform has been constructed for human subjects giving up to 
500 msec of free fall with facilities for automatic test and recording of tendon 
reflexes during fall. The muscle action potential in response to a tap on the 
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tendo Achillis at various times after the start of free fall is greatly altered. 
In unhabituated subjects tested the reflex is absent after 140 msec free fall ; 
in some subjects it disappears earlier than this. This does not appear to be due 
to any change in the state of stretch of the muscle concerned, but to change in 
excitability of the reflex, produced centrally. This could occur either via.alpha 
or gamma neurones; present evidence does not make it possible to decide 
which. 

This suppression of the tendon jerk appears to be a necessary precursor for 
a safé landing to allow the muscles to extend during a suddenly applied 
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A modified ‘Cormack’ respiratory valve. By D. J. C. CunnincHam 
W. G. H. Jonnson and B. B. Luoyp. University Laboratory of Physiology, 
Oxford 

The valve illustrated in the ‘exploded’ cross-sectional diagram is based on the 
valve described by Bannister & Cormack (1954, valve II) and by Cormack 
(1955). Like that of Durnin (1954), it is mainly constructed of Perspex tube 
(1-5 in. outside diameter) and sheet ( x ygin.), the small tubes for the Rahn-Otis 
sampler being turned out of solid Perspex. The components are cemented 
together with Perspex dissolved in chloroform. The brass or stainless steel hinge- 
pins (0-018in. outside diameter) pass loosely through holes (0-04 in. diameter) 
in the lugs on the flaps and on the flap seatings, and the ‘flail’ type of hinge 
thus produced allows the flap to rest snugly on its seating. The pins are finally 
sealed in place by small squares of Perspex stuck to the outer surface of the 
large tubes. The overlap between flap and seat should be as narrow as possible 
to minimize resistance to opening when the valve is wet. 

The Cormack valve, if carefully assembled and checked, is satisfactory; but 
the defects that occasionally arise in the course of an experiment are difficult 
to detect, and their occurrence and correction tend to disturb the subject. 
In the present valve the transparency of Perspex allows free inspection of the 
movement of flaps in the valves during use without the subject’s knowledge ; 
the hinged Perspex flaps are more robust than mica flaps, and there is no 
danger, as there is with mica, of eversion of the flap through its aperture; the 
replacement of sticking plaster with permanent hinges obviates the need for 
detachable flap holders and simplifies construction and maintenance; and the 
remote danger of inspiration of a detached flap by the subject is eliminated. 
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A four-channel tap for use in human respiratory studies. By 
B. B. Lioyp and T. A. Wricutr. University Laboratory of Physiology, 
Oxford 

The respiratory apparatus used in this laboratory for some years made use of 

Rotameters for the production of various mixtures of air, oxygen, nitrogen 

and carbon dioxide for administration as inspired air to subjects of respiratory 

experiments. The constituent gases were directed to the various Rotameters 
by means of a cascade system of Y-pieces and single-channel taps. This system 
was confusing and bulky. 

The apparatus has been simplified by passing the gases through four-channel 
taps of the type illustrated in the cross-sectional diagram. They are made of 
brass and copper. The plug tapers towards the detachable handle: this reversal 
of the usual relation allows the axial orifice to be stationary and makes for 
compactness. 


The gas enters through the axial tube and is directed to one of the four 
radial tubes by appropriate rotation of the plug, which has a single radial 
orifice connected with its axial orifice. The radial tubes are connected with the 
Rotameters. This arrangement allows a convenient and flexible distribution 
of gases to the various Rotameters. The } in. tap shown is used for air flows 
above 100 |./min from a low-pressure blower. A similar } in. tap is used for 
smaller flows and for cylinder gases. 

The taps may also be used in the reversed mode, with the constituent gas 
supplies connected with the four radial tubes, the axial tube of each tap being 
connected with a single Rotameter. 


A gas analysis apparatus for class use. By E. W. Ciarke 
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D.A. silver stain for the selective staining of degenerating axons 
and their terminal branches in the central nervous system. 
By J. M. Spracue 


A multiple-trace cathode ray oscillograph using a single-gun tube. 
By P. E. K. Donatpson 


A miniature booster amplifier for the second channel of the Cossor 
1049 oscilloscope. By P. E. K. Donatpson 


Lateral surface and dorsal root records compared in the frog 
spinal cord. By R. T. Trecear 


The effect of temperature on the antidromic activation of motor 
neurones in the frog (R. temp.). By D. W. Kennarp 


A new muscle preparation: isolated fibres from the crab. By 
A. F. Huxiry 


The bleaching and regeneration of cone pigments in the fovea of 
the human eye. By W. A. H. Rusxton 


Cerebral synapses. By J. R. Smytures 


The tenuissimus muscle of the cat. By I. A. Boyp. Institute of 
Physiology, University of Glasgow 

The tenuissimus muscle of the cat is a thin strap-like muscle, 9-12 cm long and 
a few mm wide, extending from hip to ankle and lying in close relation to the 
sciatic nerve in most of its course. It has been used for a number of investiga- 
tions on skeletal muscle, including electro-physiological studies of muscle- 
spindles (Hunt & Kuffler, 1951) and of the mammalian end-plate potential 
(Boyd & Martin, 1956). Its macroscopic anatomy was described by Adrian 
(1925); a detailed microscopic study has now been made of serial transverse 
sections, and teased preparations stained with gold chloride or methylene blue. 

The muscle consists of interdigitating fibres about 2 cm in length; cross- 
sections contain between 700 and 1300 fibres of mean diameter about 30 ; the 
surface fibres have a mean diameter of about 35 yu. The nerve divides into two 
branches which enter the muscle slightly proximal to its centre, one passing 
upwards and the other downwards, giving off axons to motor end-plates and 
spindles at fairly regular intervals. The motor end-plates conform to the 
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descriptions given for other mammalian end-plates. Two muscles serially 
sectioned contained fourteen and sixteen spindles. These, measured in sections 
and teased preparations, range from 4 to 12 mm in length, and are arranged in 
a row in close relation to the nerve, so that nerve and spindle lie side by side 
in the centre of most cross-sections of the muscle. They are slightly less 
numerous at the ends than in the central portion, where the end of one spindle 
overlaps the next by several mm. The adjacent ends of two spindles in the row 
usually lie in neighbouring fasciculi, but sometimes two or three spindles form 
a chain with their ends overlapping and bound together. Each spindle contains 
two or three large intrafusal fibres which stretch from end to end, and from 
two to five small intrafusal fibres, each about half the total length of the 
spindle. Most spindles have one annulo-spiral nerve-ending in the nuclear bag 
region, with a flower-spray ending proximally or distally or both, and motor 
end-plates nearer the poles. Occasionally, a second annulo-spiral ending has 
been seen nearer one end of the spindle than the motor end-plate region. 
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On the identity of the muscle constant a derived thermally and 
mechanically. By B. C. Apsorr and J. Lowy. The Marine Biological 
Laboratory, Plymouth, and Department of Zoology, The Queen’s University 
of Belfast 

The extra heat produced when a tetanized muscle shortens is measured by 
subtracting the value of heat evolved during an isometric contraction from 
that evolved during an isotonic contraction. As the isometric heat rate varies 
with length (e.g. in frog muscle, Abbott, 1951) this has to be allowed for in the 
above calculation. If shortening is very rapid, the isometric heat liberated 
during the shortening period will be small and the change in isometric heat 
rate with length may therefore be neglected. 

The smooth anterior byssus retractor muscle (ABRM) of Mytilus shortens 
slowly, however, and its isometric heat rate varies with length more than does 
that of frog sartorius. In order to estimate the relevant value of total isometric 
heat, heat has been integrated over the time taken for shortening, inserting the 
respective isometric heat rate at each length (Fig. 1a). The consistency of the 
results from many experiments appears to justify this method of calculation. 
For example, Fig. 16 shows that extra heat thus calculated is proportional to 
shortening. The value of a (extra heat per unit length shortened) obtained is 
11 gcm/om, which, referred to unit cross-section, is 290 g/cm? in the experi- 
ment illustrated. | 
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Mytilus muscle obeys Hill’s (1938) force-velocity relation, the value of the 
mechanical constant a being about 23 g cm/cm, or 450 g/cm? area (Abbott & 
Lowy, 1953). The retractor of the snail’s pharynx also obeys Hill’s relation 
for isotonic shortening and liberates extra heat of shortening. In this case, 
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Fig. 1. Mytilus ABRM. Initial length 26 mm. Weight 130 mg. Tetanus 14 sec, 2 shocks per sec 
at 14°C. a (1), Isotonie shortening under 26 g load; (2), isotonic heat production under 26 g 
load ; (3), isometric heat production integrated over lengths 26, 25, 24 and 22 mm respectively. 
b, Relation between distance shortened and shortening heat produced. 


the constant a derived mechanically is about 13 g cm/cm, compared with a 
shortening heat of 7-5 g cm/cm. Thus, in contrast to frog sartorius, there is not 
for Mytilus and Heliz muscle the close identity of the constant a measured 
thermally and mechanically. 
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The effect of a rapid change of Nat balance on the Na*/K* ratio 
of the parotid saliva of Nat-depleted sheep. By D. A. Denton 
and I. R. McDonaup. Department of Physiology, University of Melbourne 


_ A commensurate relation between negative external Na+ balance and the 
Na+/K+ ratio of the parotid saliva of sheep has been shown (Denton, 1956). 
In experiments on trained undisturbed sheep, depleted of Na+, the Nat 
balance was rapidly and significantly changed by intracarotid infusion of 
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60 ml. of 4 m-NaCl during a period of 40 min. After delay period of a further 
60 min a large rise of salivary Nat+/K+ ratio was observed (Fig. 1). This 
response occurred whether the infusion were given into the carotid artery loop 
ipsilateral or contralateral to the parotid fistula. Usually the experiments 
were made during constant secretomotor stimulation of the parotid gland by 
simultaneous ipsilateral acetylcholine infusion (Fig. 1). The response occurred, 
however, whether or not the gland was stimulated in this way. If the ipsi- 
lateral infusion were given for only 10 min (60 m-equiv Na*), little or no 
response occurred (Fig. 1). The response still occurred if the 240 m-equiv were 
infused at one-quarter the above rate. The ipsilateral inttacarotid infusion of 
50% glucose (2-7 m) for the same period caused no response (Fig. 1). Anaesthesia 
abolished the response. If the 240 m-equiv were infused into a Na*-depleted 
bilaterally adrenalectomized sheep which was maintained on increased but 
constant DOCA dosage, no response occurred. — 
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Fig. 1. @, P.F. 16 (240 m-equiv NaCl); O, P.F. 16 (69 ml. 50% dextrose); 
A, P.F. 7 (60 m-equiv NaCl). 


Transverse-facial artery samples showed that the whole blood Na+ con- 
centration rose 18 m-equiv/l. during the ipsilateral infusion. This fact, in 
relation to the time delay, suggests that the infused Na+ did not act directly 
on the parotid gland. Presumably, a significant change of Na+ balance in 
some way stimulates or inhibits the production elsewhere in the body of some 
humoral agent which acts on the parotid gland. If it be inhibition, the time 
delay may be that necessary for destruction of the agent already circulating. 
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Transamination of glutamic acid during absorption by the small 
intestine of the dog. By K. D: Neame and G. Wiseman. Department 
of Physiology, Uniwersity of Sheffield | 

Experiments involving the absorption of glutamic acid by the small intestine 

in vitro showed that not only was it not absorbed against a concentration 

gradient, but some actually disappeared during the process of absorption 

(Wiseman, 1953), with conversion of some glutamic acid to alanine (Matthews 

& Wiseman, 1953). 

The following results indicate the quantitative relationship between these 
two amino-acids during absorption by the dog small intestine in vivo. 

All the venous blood draining a segment of the small intestine of an anaes- 
thetized dog was collected (method of Matthews & Smyth, 1954) before and 
after the introduction of a neutralized glutamic acid solution into the lumen 
of this segment. Arterial samples were obtained from the carotid artery 
throughout the experiment. Analyses were made for glutamic acid (Gale, 
1945) and alanine (Alexander & Seligman, 1945, modified by Christensen, 
Riggs & Ray, 1952) in the venous and arterial blood collected, and also in a 
sample of the glutamic acid solution introduced into the gut. The glutamic 
acid and alanine in the gut lumen and gut wall at the end of the experiment 
were also estimated. 

In experiments with glutamic acid solutions varying from 10 to 0-5%, it 
was found that, together with an increase in the glutamic acid concentration 
of the venous blood, an increase in alanine occurred. It was considered that 
this alanine appeared as a result of transamination of the glutamic acid. _ 

The venous alanine concentration in all the experiments increased to 
2 um/ml., and then remained constant. The venous glutamic acid concentration 
varied with the concentration of the glutamic acid solution introduced into the 
gut lumen. This steady maximal alanine concentration of 2 »M/ml. suggests 
saturation of a transamination mechanism. 

Of the glutamic acid which disappeared from the intestinal lumen when a 
0-5°% solution was used, 28°, could be accounted for as increased yenous 
glutamic acid, while 40° could be accounted for as increased venous 
alanine. 

It seems probable that during normal espe digestion glutamic acid is 
absorbed largely as alanine. 
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The digestibility of raw and cooked meat. By J. H. Farre xt. 
Sutherland Dental School, University of Durham 


It has been shown (Farrell, 1956a, 5) that the effect of mastication on lean 
meat is greatly to increase its digestibility, and that pieces of cooked meat 
when swallowed whole may leave undigested residues of up to 87% of their 
original weight. It has also been stated (Clifford, 1930) that meat when raw 
is in its least digestible condition, but the experiments on which this observa- 
tion was based were in vitro, and it was thought desirable to carry out a further 
investigation of the effect of cooking on the digestibility of meat, using a 
human subject. 


Percen remaining 
(by weight) bids 

Raw specimen Cooked specimen difference 

33 0 

ll 57 46 

14 57 43 

22 59 37 

23 61 38 

27 66 39 

31 27 -4 

24 66 42 

21 51 30 

10 74 64 


The method has been described fully elsewhere, but a brief outline is as 
follows: the meat was selected from tender cuts of rump steak, cut in half and 
one of the halves fried gently at 210° F. In each of ten experiments, specimens 
were cut in pairs, one from the cooked and one from the raw meat, each being 
cubic in shape and about 1 c.c. in volume. After weighing, specimens were 
sewn with ball-bearing markers of different sizes into separate bags of cotton- 
mesh material. Each pair of bags was tied together with cotton thread and 
swallowed as part of a normal meal. After passage through the body the bags 
were collected from the faeces, and their contents examined and weighed. The 
weights after passage were expressed as percentages of the weights before 
swallowing, and the percentage differences between the residues of cooked and 
raw meat calculated by weight. The subject was male, aged thirty-four. 

The results (Table 1) of this preliminary investigation show that the effect 
of this sort of cooking on the digestibility of lean meat.is greatly to decrease it. 
The mean difference between the weights of the residues of cooked and raw 
specimens was 33-5% (P <0-001). 
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Protein-bound iodine in the anterior and posterior hypophysis of 
cattle. By W. C. Fosrzr 


The effects of continuous hydration upon the ‘neurosecretory ’ 
material in the hypothalamus of the dog. By B. AnprErsson 
and P, A. JEWELL 


A histochemical investigation of neurosecretory substance in the 
rat. By A. Howe and A. G. E. Pearse. Department of Physiology, 
Queen’s College, Dundee, University of St Andrews and Department of 
Pathology, Postgraduate Medical School of London 

The theory of hypothalamic neurosecretion and the transport of the secretory 

material along the axons of the supraoptico-hypophysial tract to the pars 

nervosa of the pituitary is now well formulated (Scharrer & Scharrer, 

1954). | 

The demonstration of ‘neurosecretory substance’ (NSS) rests mainly upon 
the chrome alum-haematoxylin—phloxin stain of Gomori as modified by 
Bargmann (1950). Neurosecretory substance is said to be a complex of the 
hormones oxytocin and vasopressin and a stainable carrier substance. Oxy- 
tocin and vasopressin are now considered to be octopeptides containing 
cystine. If these hormones are truly contained in NSS one would expect this 
material to exhibit chemical properties characteristic of polypeptides or 
protein. However, the chemical nature of NSS has not been fully established. 
It has been suggested that it is a glyco-lipo-protein. 

Disulphide and/or sulphydryl groups, presumed to be derived from cystine, 
have been demonstrated in NSS. The presence of glyco-lipid remains un- 
confirmed. A re-investigation of the chemical nature of neurosecretory 
substance using a variety of histochemical tests was therefore undertaken. 

Adult albino rats were either anaesthetized with Nembutal (40 mg/kg 
intraperitoneally) or killed with coal-gas, and the whole head fixed by vascular 
perfusion. A block of tissue including the hypothalamus and attached 
pituitary was then quickly removed and transferred to the fixation fluid for 
a further 12-24 hr. A variety of fixatives was used and a few specimens were 
fixed by simple immersion only. Serial paraffin sections of the hypothalamus 
and pituitary were cut in a frontal plane at 7-15 1; for some methods frozen 
sections were required and an approximately serial order was obtained by 
transferring pairs of sections, as cut, to a series of numbered vessels. Sections 
stained by various histochemical procedures were compared in each case 
with an adjacent section stained by the chrome alum-haematoxylin-phloxin 
method. 
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There was no indication of the presence of lipid nor does carbohydrate 
appear to be a component of NSS; it does not contain ribose nucleic acid. 
Although the Millon, Sakaguchi and Ninhydrin-Schiff tests for protein were 
inconclusive, NSS is digested by the proteolytic enzymes i - and trypsin 
and does contain sulphydryl or disulphide groups. 

It therefore appears, although mainly by elimination, that the neuro- 
secretory substance rendered visible by the chrome—haematoxylin method in 
frozen and paraffin sections of the neurohypophysis of the rat is principally 
protein or polypeptide in nature. While these results are consistent with the 
theory of hypothalamic neurosecretion they do not provide actual proof that 
the posterior pituitary hormones are actually synthesized in the hypothalamus. 
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The attenuation of electrotonic potential in the motor terminal 
arborization. By F. T. Dun. Department of Physiology, Kirksville 
College of Osteopathy and Surgery, Kirksville, Mo., U.S.A. 


There are three important neurophysiological observations (Kuffler, 1948; 
Fatt & Katz, 1951) that have often been cited as evidence for the theory that 
ACh is the neuromuscular transmitter. When the histological features of the 
motor terminal arbor are considered, these observations are, however, not 
only explainable but rather expected on the basis of the flow of electric current. 
In the present communication only one of them will be analysed, namely, 
when a motor impulse is blocked, or a subthreshold stimulus is applied, within 
1-0 mm of the end-plate, no potential change in the latter is detectable. 
A typical frog motor terminal arbor (Kiihne, 1887) is represented as follows. 
A motor fibre of 3 4 divides at a node (N,) into three branches, each branch 
3» divides again at the next node (N,) into three subdivisions. Each sub- 
division (3 «) ends at N, in two unmyelinated filaments of 1-5 1 diameter 
and 100 average length. The input resistance (R,,) of the filament is 
calculated according to the relation 


R,, {R. cosh y(R/r) L +/(Rr) sinh L} 


V(Rr) cosh /(R/r) L+R, sinh /(R/r)L’ 


where R and r are respectively axoplasm and membrane resistance per unit 
length, R, resistance of the closing end, and L length of the filament. Using 
the electrical constants available at present (Stampfli, 1952; Tasaki, 1953; 
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Araki & Otani, 1955) it is shown that, when a subthreshold stimulus is applied 
within 1-0 mm of the end-plate, the potential drop in the latter cannot be more 
than a few nV, which is below the noise level of most amplifiers. 
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Acquisition of discriminatory behaviour of pigeons. By P. B. 


Dews. Department of Pharmacology, Harvard Medical School, Boston 15, 
Massachusetts, U.S.A. 


When pigeons which have been trained to peck a translucent plastic disk are 
intermittently rewarded with food for pecking while there is a red light on 
behind the disk but are never rewarded while there is a blue light on, they 
come to peck continually when the red light is on, but stop pecking when the 
blue light is on (Dews, 1955). Conversely, if they are intermittently rewarded 
when the blue light is on but not when the red light is on, they come to 
peck in the presence of the blue light but not in the presence of the red 
light. | 

In this work it has been shown that the relative rates of pecking in the 
presence of the two lights can be repeatedly and reproducibly changed in the 
same pigeon by alternating the colour indicative of rewards from day to day. 
The development of the discriminatory performance has been followed during 
single daily experimental sessions. The effect of a standardized training pro- 
cedure on the relative numbers of pecks made in 5 min exposures to the red 
_and blue lights was at a maximum immediately after the training; an average 
of 401 pecks were made in the presence of the colour on which rewards had 
been given during the training procedure, and 110 in the presence of the colour 
on which no rewards had been given. Twenty-four hours after training, the 
average numbers of pecks were 558 and 396 respectively. 

The procedure permits a ‘learning process’ and ‘forgetting’ to be objectively 
and quantitatively followed. It has been used to study the alleged ‘amnesic’ 
effect of hyoscine. No evidence was found for such an action in the pigeon. 
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A method for the continuous determination of total systemic 
blood flow in the dog by an indicator-dilution technique. By 
H. J. C. Swan and E. H. Woop. Section of Physiology, Mayo Clinic and 
Mayo Foundation, Rochester, Minnesota 


If an identifiable substance is injected at a constant rate into a stream of 
moving fluid, and complete mixing of the indicator and fluid are assumed, then 
the volume rate of flow (Q) can be calculated from the relation 


Q=5-%, (1) 


where J is the quantity of indicator injected per unit time, C is the resulting 
concentration at the sampling site and Q, is the volume rate of injection of the 
solvent containing the indicator. The duration of blood flow determined in 
this manner is severely limited by the relatively rapid recirculation of indicator 
through the circulatory system. If, however, a correction could be made for 
recirculated indicator, then continuous measurement of blood flow for a 
theoretically indefinite period would be possible. 

Constant rate injections of T 1824 (0-3 c.c./sec 0-5 mg/c.c.) were made by 
means of a pneumatic syringe via a plastic catheter inserted via a 19-gauge 
needle into the left ventricle in the dog. The resulting concentrations in the 
blood leaving the left ventricle (C,) and in the blood returning to the left 
ventricle (C,) were determined from blood samples withdrawn continuously 
through cuvette oximeters (Nicholson & Wood, 1951) from the descending 
aorta and a pulmonary vein, respectively. | 

Neglecting Q, (which is small), equation (1) may be re-written in terms of 
blood flow from the left ventricle (Q, =c.c./sec). 


I 
Q,= (2) 


where J is injected T 1824 in mg/sec and C, and C,, are concentration values 
in mg/c.c. 

In practice, injections of T 1824 were made over a 90 sec period. After 
15 sec, an agent with a rapid cardiovascular effect (adrenaline, noradrenaline, 
sodium nitrate, acetylcholine) was injected suddenly into the pulmonary 
artery, and the resulting changes in dye concentrations, pulmonary and 
systemic arterial blood pressures, heart rate and respiratory rate were recorded 
for the next 75 sec. During the total period approximately 70 ¢.c. of blood 
was withdrawn at a uniform rate and re-injected into the animal after the 
recordings. Four or five such studies could be made on the same dog until the 
absolute concentration of dye in the plasma prevented accurate determination 
of dye concentration by the oximeter. In the computation of Q, the value of 
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C,, to be subtracted from a given value of C, (equation 2) was taken to precede 
C,, by 15 sec, the average interval in which particles of dye travelled from the 
pulmonary vein to the arterial sampling site. 
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Further studies on the effects of cortisone and its congeners on the 
intact and perfused heart. By W. M. Booxer, Frances DaCosta, 
S. Q. Mrronett and M. Sxeiton. Department of Pharmacology, Howard 
Unwersity Medical School, Washington, D.C. 


Early studies have revealed interesting effects of cortisone on the intact dog 
heart and on the perfused heart of a rabbit. In the dog these effects have 
reflected themselves in disturbance of conduction, rhythm and rate; as 
measured by the electrocardiograph. In the isolated perfused heart of the 
rabbit depressant effects have been noted on the ventricular excursion, as well 
as on the rate of the heart, with subsequent reduction in the efficiency of the 
heart. 

The present work represents extension of the early work in which both the 
intact dog and the perfused rabbit hearts were observed regarding their 
responses to cortisone and its congeners, and the possible correlation of the 
heart effects of these substances with the changes in the plasma electrolytes. 
Dogs were anaesthetized with pentobarbital sodium (30 mg/kg). Control 
electrocardiograms were taken, following which doses of cortisone suspension 
ranging from 1 to 5 mg/kg were administered. Electrocardiograms, blood 
samples and urine samples were taken after each dose. In the perfused heart 
studies, rabbits were killed by a sharp blow on the head, the heart was quickly 
removed and arranged on a Langdorf—Anderson Pump. The heart was per- 
fused with Tyrode’s solution, maintained at 37-5° C with continuous oxygena- 
tion. Coronary flow determination and recording of contraction were arranged 
for. 

RESULTS 

Intact dog. Cortisone caused changes in the electrocardiogram showing 
disturbances of ventricular conduction and low voltage. These changes were — 
co-existent with a decrease in plasma and increased excretion of urinary 
potassium. Potassium administration intravenously (10-20 mg) resulted in 
restoration of the normal electrocardiogram, although it was necessary to 
repeat the administration of potassium in order to keep the electrocardiograph 
picture normal. N-Allyl-nor-morphine, which diminished potassium excretion, 
seemed effective in lengthening the effectiveness of single doses of potassium 

regarding restoration of the normal electrocardiograms. 
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In the perfused rabbit heart, cortisone was more effective in time and in 
dosage in reducing heart action time in the presence of reduced potassium in 
the perfusate than when the potassium was normal. Hydrocortisone showed 
effects similar to those of cortisone. 9-«-Fluoro-hydrocortisone showed more 
variable effects than either cortisone or hydrocortisone (often giving positive 
inotropic effects in small dosages); but over-all the end result was depression 
of the ventricular efficiency. Coronary flow was not related to the above 
changes, as it usually first decreased transitorily, returned to normal and 
remained normal following repeated doses even when the heart was failing. 
Efforts to correlate inflow—outflow potassium changes in the perfusate did not 
reveal significant results. 


Evidence concerning the origin of the electroretinogram. By 
G. 8. BrInDLEY 


The effects of light flashes on single unit activity in the lateral 
geniculate body of the cat. By 8. D. Erutkar and Marianne 
Fittenz. Laboratory of Physiology and St Hilda’s College, University of 
Oxford | 

The responses of single units in the lateral geniculate body to flashes of white 

light, directed to either the contralateral or the ipsilateral eye, were recorded 

by means of extracellularly placed micro-electrodes with tip diameters of 

3-7 ». Cats anaesthetized with sodium pentobarbital, dark adapted and with 

pupils dilated were used. The duration and intensity of the light flashes were 

varied. 

The following results were derived from recordings from 97 units of which 
16 failed to give any detectable response. Sixty-four units gave on- and off- 
responses, 12 gave on-responses only, and 2 gave off-responses only; of 55 units 
which displayed spontaneous firing, the activity in 3 of them was depressed 
during illumination. 

The latencies of the on-responses, at an intensity of 3-4 log units above 
threshold, fall into three main groups with peaks at about 30, 140 and 380 msec. 
Those for the off-responses at the same intensities showed similar peaks at 
30 and 170 msec. 

In the units from which on- and off-responses were recorded, dissociation 
between the two types of response could be effected by variation in the 
intensity of the flash. Threshold values in about 60% of the units differed by 
at least 1 log unit for the two responses. In the majority of the units the 
latency and the intensity of the flash varied inversely for both on- and off- 
responses; however in 7 units the latency of one of the two lengthened as the 
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stimulus became stronger. In others we could detect no relation between the 
latency and the intensity of the stimulus. 

In 8 units whose response to illumination consisted of a single burst, made 
up of 3-4 spikes, we noticed that, as the intensity of the light flash was increased, 
not only did the latency of the first burst shorten, but additional bursts, up to 
3 in number, appeared. Each of these bursts also consisted of 3-4 spikes, and 
showed a diminution of latency with increasing intensity. 


_ The effects of hypercapnia and acapnia on the respiratory re- 
sponse to acute want of oxygen in man. By R. 8. Cormack, 
D. J. C. Cunninenam and J. B. L. Gre. University Laboratory of 
Physiology, Ozford | 

Three subjects rebreathed to near ‘breaking point’ from a 6 |. closed circuit in 
which accumulating CO, was not removed and diminishing oxygen was not 
replaced (Haldane, Meakins & Priestley, 1918; Douglas & Priestley, 1948). 
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Ventilation was measured from the spirometer tracing and alveolar air was 
sampled by a modified Rahn—Otis method four or five times during each 
3 to 6-min rebreathing period. Experiments were done in pairs, the circuit 
initially containing 50% oxygen for one experiment and air for the other, so 
that in one CO, accumulated but there was no anoxia, whereas in the other 
accumulating CO, was combined with increasing anoxia. Ventilation was 
plotted against alveolar pCO, for each pair of experiments (Fig. 1a shows a 
pair on one subject); the difference between the two curves gave the excess 
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ventilation attributable to anoxia, which was then plotted against alveolar 
pO, (Fig. 15 shows all the results plotted in this way). Three of these pairs of 
experiments were performed on each subject, starting from different conditions. 
In the first pair the subject started from his normal resting state (Fig. 14, 
normal). In the second pair he was made hypercapnic before both experiments 
by inhaling 3% CO, in air for 30 min (Fig. 16, hypercapnia). In the third pair 
he was made acapnic by inhaling 11% oxygen for 30 min during which period 
his alveolar pCO, fell by 2-4 mm (Fig. 15, acapnia). The hypercapnia experi- 
ments differed from the others in that 3° CO, was added to the mixtures 
initially in the circuit. 

As with previous steady state experiments (Cormack, Cunningham & Gee, 
1955), the effect of anoxia depended upon the pCO,, but in addition the 
‘thresholds’ to anoxia were influenced by the previous conditioning period. 

The significance of the results will be discussed. 
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On the performance of certain physiological experiments at 
necropsy. By I. Starr. Department of Therapeutic Research, University 
of Pennsylvania, Philadelphia, Pa. 


We turned to this new kind of experimental preparation for much the same 
reason that impelled the early physiologists to turn to animal experiments: we 
desired to make certain measurements with an accuracy difficult or impossible 
to secure in living man. Thus, we sought a preparation in which the stroke 
volume was accurately known. Of even greater importance to us was the curve 
of cardiac ejection at each instant of systole, for this curve, together with a 
continuous record of blood pressure at the root of the aorta, would permit us 
to estimate Newtonian cardiac work by integration. These measurements can 
be secured in a preparation in which systole is simulated at necropsy. 

The difficulties were many. We conceded from the start that our unorthodox 
interests were subordinate to those of the pathologists, and we only worked on 
cadavers they assigned to us. Opportunities often came at most inconvenient 
times. Our average was about one experiment a month. 

There is no law in Pennsylvania which requires a period of time to elapse 
between death and the performance of an autopsy, but permission must be 
secured from the relatives after death, and this often caused delay. We sought 
to work as soon as possible after death was pronounced, for, at a very fresh 
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necropsy, many muscles will contract on stimulation; but opportunities to 
work under such conditions were rare. Most of our experiments were con- 
ducted between 4 and 12 hr after death. | 

In certain ways we had less difficulty than we anticipated. By saving 
universal donor blood discarded from the hospital blood bank, we secured 
ample for our experiments, although they required about 8 |. each. Intra- 
vascular clots proved no problem. We feared that the vessel elasticity might 
become most abnormal after death, but the pulse wave velocities of our 
preparations did not differ significantly from those usually found in subjects 
of similar ages during life. 

Having knowledge of the true stroke volume, secured in such preparations, 
we have assessed the accuracy of methods designed to estimate stroke volume 
from blood pressure, and investigated the theory underlying such attempts. 
Of greater interest to us, we can employ regression techniques to learn how 
best to make measurements of stroke volume and cardiac work from data 
readily secured on living subjects. Indeed these cadaver preparations, though 
in many ways most inconvenient, seem ideal for many types of physiological 
investigations. 


Plasma concentration of epinephrine and norepinephrine in 
haemorrhagic and anaphylactic shock. By J. L. Bottmay, F. T 
Maner and W. M. Manczer. Mayo Clinic and Mayo Foundation, 
Rochester, Minnesota, U.S.A. 


A modification (Manger, Baldes, Flock, Bollman, Berkson & Jacobs, 1953) of 
the fluorometric method of Weil-Malherbe & Bone (1952) was used to quan- 
titate plasma epinephrine and norepinephrine during haemorrhagic and 
anaphylactic shock in healthy adult dogs anaesthetized with intravenous 
pentobarbital. 

Pilcher & Sollman (1914), Bayliss (1923) and Cannon & Cattell (1922) 
demonstrated vasoconstriction during early stages of shock from haemorrhage 
or trauma. Lund (1951) and others indicated liberation of pressor substance 
during haemorrhagic shock. Arterial plasma was analysed before and after 
haemorrhage in four dogs weighing 16-20-8 kg. Loss of approximately 18% 
of blood volume through rapid arterial bleeding caused no remarkable change 
in pressor amines. Loss of approximately a third of total blood volume de- 
creased mean arterial pressure to a range of 56-81% of initial pressure and 
invariably caused increased concentration of plasma pressor amines— 
primarily epinephrine. The average concentration of epinephrine rose from a 
control value of 1-0 to 7:8 ug/l. of plasma, whereas that of norepinephrine rose 
from 1-6 to 3-6 yg. Additional bleeding resulted in further increase of plasma 
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pressor amines. No increase in these amines occurred with removal of 500 ml. 
of blood from men or women donors. 

- Seven dogs were given egg albumen intravenously in an effort to sensitize 
them. Subsequently, whenever a marked reaction (hypotension, bradycardia, 
respiratory depression) resulted from intravenous administration of egg 
albumen, venous plasma pressor amines increased. The average concentration 
of epinephrine rose from a control value of 0-7 to 8-0 ug/l. of plasma. The con- 
centration of norepinephrine rose in three dogs but remained unchanged or 
was actually lower than control concentrations in the remaining animals. 
When no ‘shock’ reaction was observed, no significant change in concentration 
of pressor amines occurred. Intravenous administration of 1 mg of histamine 
base produced hypotension and usually slight increase of plasma pressor 
amines. Smaller doses of histamine base (0-05 mg) given to patients caused no 
significant change in plasma pressor amines except in those with pheochromo- 
cytoma (Manger, Flock, Berkson, Bollman, Roth, Baldes & Jacobs, 1954). 
Hypotension noted in a dog during a transfusion reaction was accompanied by 
considerable increase in plasma pressor amines. 
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Studies on the mechanism of cell division. By V. Menxin. Agnes 


Barr Chase Foundation for Cancer Research, Temple University School of 
Medicine, Philadelphia, Pa. 


Studies on the mechanism involved in the cleavage development of the sea 
urchin ova, Arbacia punctulata, have yielded the following results: 

(1) An aqueous extract of ovarian tissue upon centrifugation at relatively 
low speed yields an accelerator cleavage factor in the supernatant phase and a 
retarding cleavage factor in the sedimented portion. 

(2) Dialysis of the supernatant phase of the aqueous extract against distilled 
water in the cold at about 10° C for several days results in the formation of a 
marked accelerating cleavage factor in the diffusate. The fluid is yellowish in 
colour. This fraction containing a diffusible accelerator factor is thermostable. 
Ultraviolet absorption spectrum measurements have indicated that the 
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material has @ peak in a range of 265-270 my. The diffusibility of the factor, 
its thermostability, and the spectrum measurements suggest that the accelerator 
cleavage factor is a nucleotide. 

(3) There is a retarding cleavage factor which at times can be obtained in 
the indiffusible fraction. The principal retarding cleavage factor is, however, 
recovered in the residual or sedimented fraction of the originally centrifugalized 
aqueous extract of the sea urchin ovaries. The effects obtained occur when the 
extracts are added either prior to or several minutes after fertilization. With the 
accelerator cleavage factor, development to the free swimming larval plutei has 
been observed. With the retarding factor, the plutei stage is never obtained. 

The studies to date, therefore, indicate that an aqueous extract of Arbacia 
ovaries contains both an accelerator cleavage or mitotic factor and a retarding 
or antimitotic factor. It is conceivable that the rate of cell division in the 
developing ova represents a balance between these two opposed factors. 


Aided by grants from both the U.S. Public Health Service of the Department of Health, 
Education and Welfare, and the Dr A. Wander 8.A., Berne, Switzerland. 


The output of HCl in gastric juice and free histamine in urine 
during stimulation of gastric secretion. By C. F. Copg and 
W. T. Irvine, Section of Physiology, Mayo Foundation and Mayo Clinic, 
Rochester, Minnesota 
Simultaneous determinations have been made of the hourly outputs of free 
histamine excreted in the urine and of free hydrochloric acid secreted in the 
gastric juice from Heidenhain pouches in dogs after the ingestion of meals of 
meat. An effort was made to separate the secretory response of the stomach 
to the meal into its intestinal and gastric components and to determine if a 
relationship exists between free histamine in the urine and free acid in the 
gastric juice during either or both of these phases. In addition, the output of 
free histamine in the urine has been estimated during active nervous secretion 
of the stomach, produced by insulin hypoglycaemia in dogs with gastric stomas. 

When a meat meal was fed by mouth the rough parallelism, previously noted 
by others, between output of acid by the pouch and output of free histamine 
in the urine was verified. 

When the meat was introduced directly into the small bowel the concentra- 
tion of free histamine in the urine increased, the peak being reached in the 
second hour after the meal. The concentration of histamine in the urine then 
_ decreased rapidly and control levels were reached by the fifth and sixth hours. 
The acid response was usually small or absent at the time of this increased 
output of histamine in the urine and was maximal between the fourth and 
seventh hours after the meal when the output of histamine in the urine had 
returned to basal levels. The concentration of histamine in the urine did not 
increase after ingestion of a meal of bread and milk. 
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A meal of meat placed in the isolated stomach produced active secretion of 
acid from the Heidenhain pouch but no increase of histamine in the urine. 
When this meal was removed from the stomach and introduced into the jejunum 
the output of histamine in the urine increased rapidly during the next 3 hr. 

During active nervous secretion of the stomach induced by insulin hypo- 
glycaemia, the concentration of free histamine in the urine did not increase. 


The lipaemia clearing reaction and free fatty acids. By C. B. Wet. 
Department of Physiology, Dalhousie University, Halifax, N.S. 


It is the belief of many workers: in the field that the visible clearing of a 
lipaemia in vitro by heparin clearing factor is due to the liberation of a lipo- 
protein lipase and the production of free fatty acids which are then bound or 
‘accepted’ by albumin. | 

It was felt that if free fatty acids were liberated, there might be a small but 
detectable change in pH. A study of the pH changes that occur during the 
clearing reaction, the clearing being done with heparin clearing factor or with 
pancreatic lipase, was carried out. If care is taken during the clearing process, 
to keep the lipaemic serum equilibrated with constant (5°) CO, mixture, no 
change in pH could be detected. On the other hand, if the reaction of the 
clearing serum is not so carefully controlled and the pH is allowed to become 
more alkaline to about 8-0 or more acid to about 7-0 during the clearing period, 
clearing is unaffected and takes place normally. 

One of the unique features of the paper electrophoretic pattern of the cleared 
serum is the increased mobility of alpha | lipoprotein when compared with the 
lipaemic serum before clearing. This pattern can be obtained readily by adding 
a small amount of oleic acid or sodium oleate to serum in vitro. Neutral fats 
and other fatty acids such as butyric, palmitic or stearic do not do this. There 
is no indication in the paper electrophoretic patterns that lipid is bound to 
albumin except that the alpha 1 band may overlap the albumin band. 

The facts that these changes can occur with oleic acid and not with the 
other fatty acids and that the clearing reaction has no effect on pH suggest 
that more than a simple lipolytic process is involved. 


Metabolic substrates in mammalian sympathetic ganglia. By 
M. Dotivo,* P. Horow1cz,} M. G. and W.STEKIEL. Department 
of Biophysics, Johns Hopkins University, Baltimore, Maryland 

The metabolic exchanges given in Table 1 were measured on superior cervical 

ganglia excised from rats and kept under physiological conditions in a bi- 

carbonate-buffered solution containing glucose. Post-ganglionic response to 


* Fellow of the Swiss Academy of Medical Sciences, 1955-7. 
t Fellow of the National Science Foundation, 1952-5. 
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stimulation of the preganglionic nerve was measured electrically. This showed 
that capacity for axonal conduction and synaptic transmission was retained 
under the conditions of all metabolic determinations. 

These results permit the following conclusions: (1) The principal fuel 

oxidized is apparently glucose in resting ganglia, as in other nervous tissues, 
since the rate of oxygen uptake can be accounted for by the glucose and 
lactate exchanges in both temperature ranges. (2) In agreement with the first 
conclusion, the low rate of ammonia production suggests that very little 
amino acid is burned. (3) During activity, although glucose uptake is accele- 
rated, most of the extra glucose appears as lactate, so that a large fraction of 
the oxygen uptake is not accounted for. Accordingly, endogenous substrates 
must be burned during activity in ganglia, as in other nervous tissues. (4) The 
endogenous substrate is possibly not an amino acid, since ammonia output did 
not increase. 


Means+8.8. (Numbers of preparations in parentheses) 
Resting Stimulated 
a A sie (8 to 15/sec) 
36 to 37° C 23 to 24°C 36 to 37°C 
(mg/g dry wt./hr) 
A. Glucose uptake 11-7 +0-3(46) 4-7+0-3(11) 18-1 +0-4(8) 
B. Lactate output 3-5 + 0-2(46) 1-540-2(11) 9-6 + 1-0(8) 
C. Difference (=A - B) 8-240-4 3-140-3 
(umole/g dry wt./hr) 
D. 0, equiv. of diff. 273413 104411 283433 
E. O, uptake 298 + 8(18) 121 +.6(5) 433-4. 15(*) 

F, O, excess (= E D) 25415 17413 150+ 36 

G. NH, output 2-2 +0-5(16) 2-2+40-8(9) 


(Mean of 18 resting rates) x (mean of 6 determinations of . 

These observations raise questions concerning the significance of the 
acceleration of glucose uptake and the nature of the endogenous substrate 
utilized during activity. 

Supported in part by a research grant (No. B-702) from the Institute of Neurological Diseases 
and Blindness of the National Institutes of Health, United States Public Health Service. 


Studies on the activation of spinal motor neurones in the frog 
(R. temp.). By D. W. Kunnarp. Physiological Laboratory, University 
of Cambridge 

Spinal cords of the frog were examined, stained by the Golgi-Cox and silver 

impregnation methods. In transverse sections of the lumbar region the motor 

neurone bodies were situated as a group in the ventral horn of grey matter, 
with most of their dendritic presses near the dorsal, and some at the ventral 
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pole. A region dorsal and lateral to the bodies was found which contained most 
of the motor neurone and some of the internuncial neurone dendritic trees. 
These observations were used in the interpretation of the physiological 
findings. 

ol the path taken by activity isolated preparations similar to that 
introduced by Barron & Matthews (1938) were used, but consisting of a 
longitudinal half cord cut near the mid-line. The temperature of the prepara- 
tions was 7—10° C; these showed consistent true spinal reflexes in response to 
peripheral skin stimulation. 

Dorsal roots were stimulated electrically at regular intervals and a micro- 
electrode was used to plot systematically the resulting potentials throughout 
the grey and parts of the white matter. To derive the activity which had given 
rise to the recorded potentials, maps were constructed to show the distribution 
of current sources and sinks at progressive intervals throughout a cross-section 
of the cord. This was based on the Laplacian equation applied to physiological 
experiments by Howland, Lettvin, McCulloch, Pitts & Wall (1955). These maps 
showed that most of the sinks of activity from the dorsal roots passed on to 
the internuncial neurones, and then moved into that dorsal and lateral region 
where the motor neurone and internuncia!l neurone dendrites were to be 
found. Activity appeared to impinge on the motor neurones in their dendritic 
tree, in the region between the large prineiry processes and the distal ones at 
the periphery of the cord. In these experiments the zone containing the bodies 
of the motor neurones acted as sources at most of the times analysed, and 
showed only slight or no sink activity. Thus currents generated in the dendritic 
zone appeared to have caused subthreshold depolarization of the bodies. These 
maps could not be extended further than the ventral margin between grey 
and white matter, but some sinks lay at the margin, and in the adjacent grey 
matter. These were probably due to dendritic activity or axonal discharges. 
Records from the ventral roots showed discharge of impulses. The activity of 
the dendrites led eventually to the excitation of some of the axons but there 
was no clear evidence in these maps that the bodies themselves had been 
activated. 

The work of Barron & Matthews (1938) indicated that central depolarization 
preceded and accompanied the activity of the motor neurones. These experi- 
ments provide further information on the sites where this activity occurs. 
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Secretion of plasma proteins in saliva. By A. 8. V. BurcEen 
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Rat retinal photopigments by reflected and transmitted light. 
By D. M. Lewis. Physiological Laboratory, University of Cambridge 
Techniques have been developed to study visual pigments in the intact animal 
by measurement of light reflected from the fundus of the eye (Brindley & 
Willmer, 1952; Weale, 1953; Rushton, Campbell, Hagins & Brindley, 1955). 
In these methods the light passes twice through the receptor layer and the 
pigment density should be half that measured. It is the purpose of this com- 

munication to consider how far this is true. 

If the isolated eye of an albino animal is used, much light will pass through 
the choroid and sclera and can be measured by a photocell behind the eye. 
This light will have passed through the receptor layer once only and the 
measurements will be free of most of the errors involved in ones made by 
reflected light. If both methods are used on the same eye, the accuracy of the 
latter can be directly tested. 

Albino rats were dark adapted overnight and, working in red light, the eye- 
balls were mounted so that a beam of light was focused on the cornea, uniformly 
illuminating an area of the retina. Changes of pigment density on bleaching 
were measured at several wave-lengths (using interference filters). In all the 
eyes (20), measurements were made at 488 mp and in half at other wave- 
lengths to obtain difference spectra. 

The average spectra by reflected and transmitted light agree save in the 
blue. At 488 my the mean ratio of pigment density as measured by trans- 
mitted and reflected light, in the experiments where only this wave-length was 
used, was 1-85 (s.z. + 0-03; extreme values 1-67 and 2-00) which is significantly 
different from 2 (P<0-01). In the others the mean was about the same (1-87) 
but the scatter was greater (s.z.+0-08; extremes 1-49 and 2-15) and P 
was 0-3. 

The density measured by transmitted light is near the true density. It 
would be reduced by light reaching the photocell from the retina outside the 
' main illuminated area, but this would be small since a screen, with only a 
small hole immediately behind this area, cut off most of the oblique rays. So 
the density by reflected light is smaller than the true value but only by eight 
per cent. The discrepancy is probably greater in the blue but the results were 
more scattered here, for the readings were less accurate as there was less light 
for measurements. This reduction could be explained either by light reaching 
the photocell after reflexion from structures anterior to the retina or by the 
reflected and incident light travelling by different pathways through the 
receptor layer. The above evidence is insufficient to decide between these two 
hypotheses, but Hagins (personal communication, 1956) has evidence that in 
the rabbit stray light scattered within the eye can account for such a devia- 
tion from a ratio of 2. | 
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Homogeneity tests on visual pigment solutions from two sea fish. 
By Mary Ann Waker. Visual Research Division, Ophthalmological 
Research Unit, Institute of Ophthalmology, London 


Photosensitive solutions have been prepared from the gurnard and the conger 
by treating the retinae with 2% digitonin solution. The resulting extracts, 
when tested by the method of partial bleaching, were found to be homogeneous. 

The gurnard pigment has A,,,,, =497 mp and the conger pigment A,,,, = 
487 mp. Both pigments have absorption spectra in conformity with the visual 
pigment nomogram (Dartnall, 1953) and photosensitivities of the same order 
as visual purple. 

REFERENCE 
Dartnall, H. J. A. (1953). Brit. med, Bull. 9, 24-30. 


On the vision of the conger eel. By E. J. Denron. Marine Biological 
Laboratory, Plymouth 

The pigment in dissected conger retinae can readily be seen to differ from 
visual purple being golden rather than rose pink in colour. Absorption 
curves, determined on intact retinae by methods previously described (Denton, 
1954; Denton & Wyllie, 1955), are displaced about 16 my towards the blue 
end of the spectrum but otherwise very similar to those obtained with visual 
purple retinae (Fig. 1). The extracted pigment has been shown to be homo- 
geneous (Walker, 1956). The conger, at the stage in the life cycle of the animals 
used, hunts in dim light in shallow water. Since the light from night skies is 
proportionately richer in the longer wave-lengths than that from day skies 
(Le Grand, 1948) it is difficult to see what advantage the conger will have from 
a sensitivity displaced towards the blue. 

The retina is very uniform in colour and the density of the pigment very 
high. The changes in retinal density of three retinae to light of 485 my, when 
bleached with strong white light, were 0:57, 0-55, 0-53 respectively. Thus in 
life the photosensitive pigment in the dark-adapted conger retina absorbs 
about 70% of blue green light striking it. Such density of pigment is much 
higher than that of man (Campbell & Rushton, 1954), but approached by 
those of the salamander and nocturnal geckoes (Denton, unpublished observa- 
tions). The conger has a retina which summates light over relatively large 
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visual angles (Adrian & Matthews, 1927, 1927-8) and a lens which transmits 
well into the near ultra-violet (Denton, 1956). It must therefore be considered, 
particularly for the blue end of the spectrum, as visually one on the most 
sensitive of creatures. 
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Two hypothalamic systems controlling uterine motility. By 
B. A. Cross. Department of Zoology, University of Cambridge 

{n lactating rabbits electrical stimulation of the dorsal, lateral and posterior 

areas of the hypothalamus evokes secretion of medullary adrenaline, and this 

blocks the milk-ejection response to injection of oxytocin. Stimulation of the 


| 
| 
d 


58P PROCEEDINGS OF THE PHYSIOLOGICAL 


supraoptic or paraventricular nuclei, median eminence and infundibular stem, 
by contrast, releases oxytocin from the neurohypophysis which induces milk 
ejection (Cross, 1955). To study the effects of activation of these two neuro- 
endocrine systems on the activity of the uterus, experiments have been per- 
formed in nineteen rabbits with the use of an intra-uterine balloon for kymo- 
graphic recording of uterine contractions. 

¢ In spayed does implanted with hexoestrol, stimulation of the neurohypo- 
physial system or injection of 5-50 m-u. Pitocin (Parke Davis and Co.) produced 
a marked increase in uterine motility. Stimulation of the sympathetic centres 
of the hypothalamus induced a sharp initial contraction, followed by relaxa- 
tion and inhibition of ‘spontaneous’ uterine activity lasting up to 5 min. 
Pitocin injected during this inhibitory phase had a much reduced, if any, 
stimulating effect on the uterus. The response to central sympathetic stimula- 
tion could be duplicated by intravenous injection of 1-3 ng adrenaline and 
was abolished by section of the spinal cord in the mid-thoracic region. After 
section of the cord ‘spontaneous’ contractions of the uterus were minimal or 
absent, though as little as 1 m-u. Pitocin was sometimes sufficient to elicit a 
uterine response. The oxytocie effect of stimulation of the paraventricular 
nucleus was best seen in such preparations. 

Simultaneous recording of milk ejection and uterine motility in seven does 
which had been spayed and implanted with hexoestrol showed a parallelism 
in the occurrence of the mammary and uterine responses to endogenous 
oxytocin release, and in the inhibitory effects of sympathetico-adrenal dis- 
charge. However, in seven intact does exhibiting oestrous behaviour during 
lactation the uteri were involuted and unresponsive to oxytocin, but 
adrenaline or stimulation of the sympathetic centres of the hypothalamus 
still excited uterine contractions. 


REFERENCE 
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Compliance of the lungs during anaesthesia. By C. A. Forster, 
P. J. Hear and 8. J. Sampie 


The action of acetylcholine on the movements of potassium ions in 
the sinus venosus of the heart. By E. J. Harris and O, F. Hutter. 
Departments of Biophysics and Physiology, University College London 

The sinus venosus of the tortoise and of the frog heart is suitable for experi- 

ments with isotopes. It is thin enough to allow the study of ionic movements 

without an appreciable diffusion error. It may be isolated together with the 
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vago-sympathetic nerve supply to the pace-maker fibres of the heart. Both the 
excitatory and the inhibitory transmitter substances are known, so that their 
effect on the membrane of the pace-maker fibres may be tested directly. 

We began by studying the movements of radioactive potassium. In the 
frog and in the tortoise the outflow of “K from previously loaded preparations 
follows an exponential time-course, the rate constants varying from 0-5 to 
1-0 hr-* in different preparations. Addition of acetylcholine (10-7 to 2 x 10-*) 
induces a two- to threefold increase in the rate constant. This acceleration is 
seen with preparations in potassium-free bathing solutions and in normal 
Ringer’s solution (2-7 mm-K), but the effect appears to be larger when 
9-90 mm-KCl are added to the solution. Under these conditions a four- to 
sevenfold increase in the rate of loss of “K is observed on treatment with 
acetylcholine. Addition of acetylcholine to a preparation exposed to “K 
greatly augments the rate of uptake of the isotope, showing that the potassium 
permeability is increased also in the inward direction. 

Vagal stimulation has effects similarto acetylcholine. Atropine prevents or 
abolishes the action of acetylcholine. i 

In several experiments we have compared the effect of acetylcholine on the 
sinus venosus and on the auricles of the same heart. An increase in the rate of 
outflow of “*K was always detectable in the auricles, but the effect was never 
as great as in the presumably more densely innervated sinus venosus. 

That an increase in the potassium permeability may in part account for the 
inhibitory action of acetylcholine on the heart was clearly postulated by 
Burgen & Terroux (1955), on the basis of membrane potential measurements 
in the cat’s auricle. The large changes observed in the present experiments 
make it likely that the striking effects of vagal stimulation on the membrane | 
and action potential of the pace-maker fibres in the sinus venosus (del Castillo 
& Kat#, 1955; Hutter & Trautwein, 1955, 1956) may also be explained to a large 
extent by an increase in the potassium permeability. 
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_ Effects in man of insulin hypoglycaemia after adrenalectomy. 

| By Jean Ginspure and A. Paton. Sherrington School of Physiology and 
Department of Medicine, St Thomas’s Hospital, London 

The response to the hypoglycaemia produced by insulin has been studied in 

twelve patients shortly after bilateral adrenalectomy. The subjects fasted 

overnight and were given insulin (0-1 unit/kg body weight) intravenously. 
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Serial samples of blood sugar were estimated by a modified Shaffer-Hartmann 
method (Haslewood & Strookman, 1939). Hand and forearm blood flow were 
measured by venous occlusion plethysmography (Barcroft & Swan, 1953). 
Typical hypoglycaemic reactions occurred 30-45 min after the injection of 
insulin, corresponding approximately to the lowest level of capillary blood 
sugar and associated with a marked increase in hand and forearm blood flow. 
Sweating was observed in most subjects. The blood sugar returned to the 
fasting level at the same rate as in studies on healthy subjects, or in the same 
subject before adrenalectomy. Hand and forearm blood flow were still raised 
one hour after the injection of insulin. 
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Blood flow changes in the resting arm during supine leg 
exercise in normal subjects. By J. M. Bisnor, K. W. Donatp, 
S. H. Taytor and P. N. Worma.p. Department of Medicine, University 
of Birmingham, Queen Elizabeth Hospital, Birmingham, 15 3 
Blood flow changes in the resting arm have been studied during and after 
_ 10 min leg exercise in the supine position in normal subjects by the use of three 
different techniques. 

In nine subjects blood was sampled frequently from a catheter whose tip 
lay in the axillary vein, and also from the brachial artery of the opposite arm. 
The percentage oxygen saturation of these samples was estimated so that the 
changes in axillary arterio-venous oxygen content difference could be followed 
from minute to minute. In all subjects the axillary A—V difference showed an 
initial increase, followed after a variable time by a decrease such that in four 
subjects the value at the end of exercise was smaller than at rest before 
exercise. Since there is no reason to believe that the oxygen uptake of the 
limb had increased during exercise these changes indicate a reduction of total 
arm blood flow during the early part of exercise. The lowest total arm blood 
flow during exercise varied from 27 to 98% of the total arm blood flow at rest 
with a mean value of 53%. 

Hand calorimetry was performed in another group of ten subjects under the 
same conditions of exercise. Reduction of heat elimination was observed in 
all subjects during the early minutes of exercise, indicating a reduction of 
blood flow to the hand to a mean of 47% (range 28-60%) of the blood flow at 
rest. This was followed by an increasing heat elimination which was greatest 
in the subjects performing the hardest work and reached a peak during the 
last minutes of exercise or the early part of recovery after exercise. 
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The rate of clearance of radioactive sodium injected into the forearm 
muscles was used as a measure of changes in arm muscle blood flow during leg 
exercise in a further twenty-five subjects. In seventeen subjects the rate of 
clearance decreased, in seven it increased, while in one subject there was no 
change during the exercise period. The mean difference between the resting 
and exercise values was not significantly different from the mean difference 
between pairs of consecutive measurements at rest. 

It is concluded that under these conditions, the blood flow to the resting 
arm is reduced during leg exercise but that this reduction does not usually 
persist after the early minutes of exercise. These changes take place principally 
in the skin circulation, there being no present evidence of alteration in the 
muscle blood flow. 


The break-down of adenosine triphosphate in blood platelets 
during clotting. By G. V. R. Born. Nuffield Institute for Medical 
Research, Umwersity of Oxford 

The association in high concentrations of adrenaline and adenosine triphos- 

phate (ATP) in intracellular granules of the adrenal medulla (Hillarp, Nilsson 

& Hégberg, 1955; Blaschko, Born, D’Iorio & Hade, 1956) led to a study of the 

ATP content of blood platelets in which biologically active amines are known 

to be concentrated. 

Platelets contain ATP in high concentrations (Born, 1956): in pigs, 266 + 
14 pmoles/g protein N (mean +s.£. of mean in five experiments); in rabbits, 
288 +51 (six experiments); and in man, 225 + 23 (seven experiments). These 
concentrations are higher than those found so far in other tissues except the 
adrenal medullary granules. 

In the course of this work it was found that during clotting ATP rapidly 
disappears from the platelets. This disappearance is not due to the release of 
ATP from the platelets into the serum, concomitant with the release of 
5-hydroxytryptamine (HT) which occurs during clotting. It is due to the 
break-down of ATP within the platelets. This was shown as follows: 

The platelets were removed from a sample of human plasma by centrifuga- 
at 25,000 g for 20 min at 0° C. The platelet-free plasma, and another 
sample of the same plasma still containing platelets, were allowed to clot for 
1 hr at 37° C. The concentrations of HT, ATP, and total adenine nucleotides 
_ were determined in the separated clots and in the sera, as well as in the 
platelets which had been sedimented by centrifugation. HT was determined 
on the rat uterus in oestrus, ATP by means of the firefly luminescence reaction, 
and total adenine nucleotide by absorption spectrophotometry at 260 my. 

In a typical experiment, 57 % of the HT originally in the platelets was found 
in the serum after clotting. Of the ATP originally present in the platelets, 
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15% was found in the clot which contained the platelets. No adenine 
nucleotide was found in the serum. This suggested that during clotting ATP 
broke down in the platelets but was not released into the serum. 

When plasma at 37° C was allowed to clot the concentration of ATP in the 
platelets decreased by 60%, in 5 min and by 80-90% in 30 min, but when 
clotting was prevented by anticoagulants the platelet ATP concentration did not 
decrease. There was a great contrast between the rapidity of ATP break-down 
during clotting and the stability of platelet ATP in the absence of clotting. 

The ATP concentration in platelets can be reduced by incubating them in 
the presence of phenylmercuric hydroxide which also leads to a decrease in the 
concentration of HT (Born & Gillson, unpublished observation). The rapid 
break-down of platelet ATP during clotting may, therefore, explain the release 
of HT from the platelets which occurs during clotting. 
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Factors affecting ventricular fibrillation. By A. K. Armirace, 
J. H. Burn and A. J. Gunnine. Department of Pharmacology, University 
of Oxford 

Ventricular fibrillation was produced in the isolated rabbit heart by stimula- 
tion of the ventricles with shocks (1 mA and 0-75 msec) at rates from 200 up- 
wards. When fibrillation occurred stimulation was maintained for 5 min and 
then stopped. One of two things then happened ; either the fibrillation reverted 
to normal rhythm within 5 min or it continued for about 30 min, when onperve- 
tion was discontinued. 

Normal Ringer’s solution contained 5-6 mm/l. K+ and 2-2 mm/l. Ca?+. When 
this was used as perfusion fluid, fibrillation (i.e. fibrillation lasting 30 min) was 
observed in 2 out of 10 hearts. When the K+ concentration was raised to 
2 x normal, fibrillation was never observed. When the K+ concentration was 
lowered to # x normal, fibrillation was observed in 7 out of 10 hearts. When 
it was lowered to 4 x normal, fibrillation was observed in 9 out of 10 hearts. 

When the K* concentration was kept constant at } normal, reduction of the 
Ca** concentration from normal to } normal decreased the proportion of 
hearts fibrillating from 8/10 to 5/10. Further reduction of Ca*+ concentration 
to $x normal and } x normal did not alter this proportion, but a reduction to 
+ x normal raised the proportion to 9/10. 

Fibrillation reverted to normal rhythm when ATP was added to the 

Ringer’s solution in concentrations from 40 to 100 pg/ml. This action of ATP 
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was potentiated by the addition of MgCl, to the Ringer’s solution. In one 
experiment, when fibrillation reverted to normal rhythm in the presence of 
ATP, the removal of ATP led to the reappearance of fibrillation, and this 
sequence was observed three times. 


Release of histamine from the perfused sciatic nerve by 48/80. 
By W. Fetpsere and P. Grezencarp.* National Institute for Medical 
Research, Mill Hill, London, N.W.7 


A method has been developed for perfusing the cat’s sciatic nerve from one of 
the arterial branches supplying it and collecting the venous effluent. The 
procedure consisted in cannulating the popliteal artery and vein and tying off 
all branches except those supplying and draining the nerve. Perfusion was 
through a branch of the popliteal artery which enters the nerve trunk where it 
divides into the peroneal and tibial nerve. These were included in the perfusion 
up to the point where they entered the muscle. The branch from the popliteal 
artery communicates with the artery running longitudinally along the sciatic 
nerve. This longitudinal artery is supplied at various levels by small branches 
which were tied, and by a larger branch in the gluteal region (Bentley & 
Schlapp, 1943). However, the sciatic nerve was tied and cut below this region. 
The perfusion fluid was oxygenated Locke’s solution and between 0-1 and 
0-5 ml. of clear venous effluent were collected per minute. The weight of the 
perfused nervous tissue was between 150 and 380 mg. 

(1) An arterial injection of 10-20 yg 48/80 in 0-2 ml. caused a reduction or 
stoppage in flow, lasting several minutes, and the appearance of histamine in 
the venous effluent. The vasoconstriction was probably an effect of the released 
histamine since its intensity was dependent on the amounts released and 
histamine when injected arterially had the same effect. 

(2) The amounts of histamine released by 10-20 yg 48/80 corresponded to 
between a quarter and a half of the 1-3 yg/g of histamine present in the nerve. 
It was not possible to obtain a greater release by injecting larger doses. 
Moreover, no histamine was released when 48/80 was injected a second time. 
The histamine in nerve thus occupies a position igsermediate between that in 
skin or skeletal muscle and that in the gastro-intestinal wall. The histamine in 
skin and skeletal muscle is readily released, whereas that in the wall of the 
gastro-intestinal tract is scarcely affected by 48/80. 

_ (3) The histamine released by 48/80 was derived partly from the sheath of 
_ the nerve and partly from the desheathed nerve itself. In both tissues the 
_ concentration of histamine was reduced to about the same extent. 


* Doris Duke Foundation Fellow. 
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(4) Ina few experiments the dog’s sciatic nerve was perfused. The arterial in- 
jection of 48/80 released part of its histamine but did not cause vasoconstriction. 
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The chemical nature of Darmstoff. By W. Voct*. National Institute 
for Medical Research, Mill Hill, London, N.W.7 


The term ‘Darmstoff’ was given to a smooth muscle stimulating substance, 
which diffuses out of isolated pieces of intestine and can be extracted from 
gastro-intestinal tissue of various animals. Darmstoff differs from amines and 
polypeptides by its acidic nature and its solubility in organic solvents (Vogt, 
1955). Professor W. O. Kermack and Dr C. Long suggested that it may have 
an acetal linkage because, when boiled, the substance is more stable in 
alkaline than in acid solution. This suggestion is borne out by the following 
results which further show that Darmstoff contains phosphate. 

(1) A positive Schiff reaction was obtained with a purified Darmstoff 
extract, indicating the presence of an aldehyde. 

(2) Paper chromatograms of Darmstoff were made and the paper was 
treated with fuchsin-sulphurous acid in a N, atmosphere. Two violet spots 
were obtained, the lower being in the same area, which, when eluted and tested 
on an isolated piece of rabbit duodenum, had the stimulating effect. The colour 
spots appeared in 5 to 10 min, when the material had been hydrolysed pre- 
viously by exposure of the paper to acetic acid. If, however, the paper was 
treated with the Schiff reagent without previous hydrolysis, the spots were 
scarcely visible during the first 3 hr, but developed later. This indicated that 
the aldehyde was part of the Darmstoff molecule and present as an acetal 
group. 

(3) The area of chromatograms, which gave the aldehyde reaction and 
contained the biological activity, also gave a blue spot when treated first with 
the phosphate reagent of Hanes & Isherwood (1949) and subsequently with 
ultraviolet radiation for reduction (Bandurski & Axelrod, 1951). Thus Darm- 
stoff contained lipid-soluble phosphate. 

The presence of phosphate and acetal groups together with its acidic nature 
makes it likely that Darmstoff is an acetal-phosphatidic acid. The further 
finding, that after hydrolysis the phosphate in chromatograms ran like «- 
glycerophosphate, is in agreement with this suggestion. 

Since acetal- and possibly other phosphatidic acids stimulate smooth muscle, 
phospholipids may play a role in cell excitability. 


* British Council Scholar. 
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Vascular changes in the mammary gland during engorgement 
with milk. By I. A. Sitver. Department of Zoology, University of 
Cambridge 

Engorgement of the mammary glands with milk sometimes occurs after 

parturition and is frequently followed by poor lactational performance or 

even by complete secretory failure. Little work appears to have been done on 
this type of lactational failure apart from cytological studies on mammary 

involution (Maeder, 1922; Jeffers, 1935) and the observations of Selye (1934) 

that suckling retards the involution of engorged mammary glands in rats. 

It seemed that an investigation into the early changes occurring in the 

mammary gland during acute congestion might be of interest. 

Mammary engorgement was produced in rats either by removal of the litter 
the day after birth or by ligating subcutaneously the galactophores of alternate 
glands of lactating animals which continued to nurse their young. In both 
groups the changes taking place in the distended mammary glands were 
similar until about 72 hr after the cessation of milk removal. At the end of 
the first 24 hr the congested glands were enlarged but responded by ejection 
of milk to intravenous injection of 10 m-u. oxytocin. Histologically the alveoli 
appeared to be maximally distended, although the secretory epithelium re- 
mained cuboidal and the capillaries were full of erythrocytes. Between 36 and 
48 hr after weaning or ligation of the galactophores there was a dramatic 
reduction in the number of patent capillaries on the alveoli and the glands 
usually failed to respond to 10 m-u. oxytocin given intravenously, although 
they always responded to topical applications of 0-001 m-u. The vascular 
changes were examined by intra-arterial injections of indian ink into anaes- 
thetized rats and also by staining erythrocytes in serial sections of mammary 
glands using benzidene. 

Non-sucked glands showed obvious involution 72 hr after weaning but no 
change in capillary patency occurred until about 100 hr, when the alveoli 
appeared to collapse and the capillaries refilled with blood. Sucked, congested 
glands showed little change between 48 and 120 hr after ligation except 
progressive thinning of the epithelium. The capillaries remained empty. 

Attempts to re-establish lactation in rats whose litters had been removed 
for varying periods were successful only if the period in which the rats were 
not suckled was less than 110 hr. Biopsies from those animals which recovered 
their secretion showed that refilling of the capillary bed occurred shortly after 


— suckling was permitted. 


a ey 
J 
4 
4 
4 
= 
| 
“4 
~ 


66P PROCEEDINGS OF THE PHYSIOLOGICAL 
REFERENCES 


Maeder, L. M. A. (1922). Amer. J. Anat. 31, 1-26. 
Jeffers, K.R. (1935). Amer. J. Anat. 56, 257-274. 
Selye, H. (1984). Amer. J. Physiol. 107, 535-538. 


Evidence against a parasympathetic innervation of the mammary 
glands. By J. L. Linzer. Institute of Animal Physiology, Babraham, 
Cambridge 

It is well established that the mammary glands receive adrenergic sympathetic 

fibres, vasoconstrictor to the blood vessels and excitor to the smooth muscle 

in the teat. It has been suggested that, like other genital organs, there may be 

a parasympathetic innervation as well because (a) cholinergic drugs cause 

milk ejection (Petersen, 1942), and (b) the udder of the ruminant is partly 

innervated by the perineal nerves, which originate from the same sacral roots 

(2, 3 and 4) as the pelvic nerves (Turner, 1952). 

The perineal nerves have been stimulated in anaesthetized lactating sheep 
and goats, in which one or both halves of the udder were perfused in situ with 
blood drawn from the left auricle or the femoral artery. Vasoconstriction 
resulted in fifteen out of eighteen animals but no contraction of the teat 
occurred. This response was unaffected by the intra-arterial injection of 
eserine and atropine but abolished by dihydroergotamine or dibenamine. 
Stimulation of the sacral sympathetic chain also caused mammary vaso- 
constriction, which was abolished by painting 1% nicotine on ganglia S 2 
and 3 or section of the perineal nerves; however, the effect of stimulating the 
grey rami to spinal nerves § 2 and 3 and sometimes 4, remained. Chronic 
removal of these ganglia in other animals abolished the effects of perineal 
nerve stimulation. 

The preganglionic fibres were found to enter the sympathetic chain from the 
lumbar nerves (1 to 4 or 5). They were traced in experiments in which all other 
nerves to the udder were cut apart from the perineals. Since the grey and 
white rami in the lumbar region of the sheep and goat are irregular and 
usually mixed, possible reflex effects were avoided by (a) stimulation of the 
lumbar ventral roots within the spinal canal in curarized animals, or (b) section 
of the sacral nerves in the spinal canal and complete decentralization of the 
lumbar sympathetic chain. 

Stimulation of the pelvic nerves or the ventral roots of the sacral nerves 
caused bladder contraction but had no effect upon the mammary glands of the 
sheep, goat or rat. 

It is concluded that the perineal nerves in the ruminant carry postganglionic 
adrenergic sympathetic vasoconstrictor fibres, which originate in the lumbar 
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region, relay in sacral ganglia 2 and 3, and pass to the sacral spinal nerves in 
the grey rami. No evidence has been obtained that the parasympathetic fibres 
reach the mammary glands. 
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Sweating and the innervation of sweat glands in the horse. By 


F. R. Bet and C. Lovatrr Evans. Department of Physiology, Royal 
Veterinary College, London, N.W. 1 


There is evidence that sweating in the horse is normally due to a response to 
adrenaline in the circulating blood rather than to an action of sympathetic 
secretory nerve fibres (Lovatt Evans & Smith, 1956; Lovatt Evans, Smith & 
Weil-Malherbe, 1956). Experiments were carried out on three New Forest 
ponies under chloral hydrate anaesthesia. The left cervical sympathetic 
was dissected out and divided near its junction with the vagus trunk. 
Spontaneous sweating of the left side of the face began in 20 min to 1 hr 
in two of the experiments; in the third, spontaneous sweating did not 
occur within an hour, possibly because the body temperature had fallen. 
Electrical stimulation of the peripheral end of the divided sympathetic 
caused no sweating, Intravenous injection of adrenaline (1-10 mg) caused 
general sweating, most marked on the face, neck and perineum; continuous 
stimulation of the sympathetic before and after adrenaline injection prevented 
the appearance of sweat on the left side of the face after the injection. If we 
compare these results with that of stimulation of the peripheral end of the 
divided peroneal nerve in the cat, which causes profuse sweating within 10 sec, 
it can be concluded that the apocrine glands of the horse have no effective 
sympathetic secretory nerve supply. 
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Recording of cough produced by aerosol. By H. Herxneimer and 
Monica K. McAtten. Chest Department, University College Hospital, 
London, W.C.1 


In man cough has been produced experimentally by irritant gases—ammonia, 
sulphur dioxide—and by aerosols of citric acid or acetylcholine. If the subject 
is connected to a closed spirometer circuit cough can be produced in the same 
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way as an experimental attack of asthma, A compression pump fed with air 
from the inspiratery tubing of the spirometer drives the compressed air 
through a nebulizer fitted close to the inspiratory valve, i.e. close to the 
mouthpiece which connects the subject with the apparatus. As the inspiratory 
and expiratory air movements are recorded on a drum, the time required for 
provoking the cough, its intensity and duration can be read from the graph. 

We have used citric acid, acetylcholine and nicotine aerosols. With all these 
substances, tolerance may develop, if the experiments are carried out at 
intervals of 1-3 days. If the intervals are about 1 week or longer, results are 
fairly constant and repeatable. The method may be useful for the distinction 
between different types of cough, and for the estimation of the individual dose 
variation of antitussive substances. 


Physiological responses of the neonatal blood pressure. By 
W. W. and I. Maureen Youne 


Sweat gland activity as a contributory factor to heat vasodilata- 
tion in the human skin. By R. H. Fox and 8. M. Hirtor. National 
Institute for Medical Research, London 


Heating the human subject causes a dilatation of the blood vessels of the 
forearm skin. Evidence has been presented suggesting that this dilatation, 
although produced through sympathetic pathways, cannot be explained by 
release of vasoconstrictor tone, and it has therefore been thought to result 
from the action of vasodilator nerve fibres (Edholm, Fox & Macpherson, 1956; 
Roddie, Shepherd & Whelan, 1956). However, another possibility is that the 
vasodilatation results, in part at least, from the activity of the sweat glands. 
In the salivary gland it has been shown that the vasodilatation associated 
with secretory activity is produced by local formation of the vasodilator poly- 
peptide bradykinin, the enzyme forming it being released from the active 
gland both into the interstitial fluid and in the saliva (Hilton & Lewis, 1955). 
If a similar mechanism occurs in the case of the sweat glands, the bradykinin- 
forming enzyme would be expected to be present in sweat also. 

Sweat was collected in polythene bags and sampled at intervals over a 
period of 14 hr from the forearms of a subject heated to about 38°C. Im- 
mediately after collection the samples were cooled to about 0° C and kept at 
—4° C until tested for bradykinin-forming activity. 

The method consisted of incubation of the samples of sweat with pseudo- 
globulin, and assay of the mixture against standard bradykinin on the isolated 
rat uterus. Bradykinin-forming activity was found in all the samples tested. 
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Whereas maximum sweat production was reached in 10-15 min from the 
beginning of heating, the maximal enzyme-activity was found in the samples 
collected between 20 and 30 min. After 40 min the activity fell off sharply; 
but it was still just detectable in the sample of sweat collected up to the 
90th minute. 

These findings support the suggestion that bradykinin formation in the skin, 
resulting from sweat gland activity when the body temperature is raised by 
heating, contributes to the vasodilatation observed im the human forearm. 

Bradykinin-forming enzyme was also shown to be present in sweat collected 


from the hand. 
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Hypoxia, oxygen consumption and body temperature in new- 
born kittens. By R. E. Moors. Department of Physiology, Royal Free 
Hospital School of Medicine, London, W.C. 1 

Depression of oxygen consumption in response to hypoxia in the new-born has 

been observed in human babies (Cross, Tizard & Trythall, 1955), puppies 

(Moore, 1956) and lambs (Acheson, Dawes & Mott, 1956). Observations which 

have now been made on new-born kittens show that they react similarly within 

the first 3 weeks after birth. The technique used was the same as has been 
briefly described for the puppy experiments. In addition, however, deep body 
temperature was followed by means of a copper-eureka thermocouple lying 

2-3 cm within the animal’s rectum. The reference junction was immersed in 

the water-bath containing the metabolism chamber, which was maintained at 

30 + 0-01° C. 

In some thirty experiments on twenty kittens the rectal temperature (RT) 
fell during hypoxia. The extent and rate of fall are associated with the level 
of hypoxia and the degree of depression of metabolism, and also with the 
maturity of the kitten and amount by which its initial RT exceeds the water- 
bath temperature. 

The latency of metabolic depression is less than the 5-10 min ‘lost time’ of 
change-over to hypoxia, an abrupt fall to a fairly steady new level being seen. 
The RT however, although starting to fall at the same time, continues to 
decline for up to 1 hr, being at first linear and of the order of up to 0-1° C/min 
with 50% depression of metabolism (21% to 7% O,) in a 12-day-old kitten. 

It would appear therefore that the fall in deep body temperature is a 
consequence, and not a cause, of the fall in metabolic rate. This is further borne 
out by an essentially unaltered response after 7 mg/kg hexamethonium s.c. 
1 hr before the onset of hypoxia in four experiments. — 
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The blocking action of choline 2:6-xylyl ether bromide on 
adrenergic nerves. By K. A. Exiey. Department of Pharmacology, 
University of Leeds 

Choline 2:6-xylyl ether bromide (TM 10) was synthesized by Hey: its pro- 
longed blocking action on the effects of stimulation of the post-ganglionic 
sympathetic fibres to the nictitating membrane in cats, and its long-lasting 
local anaesthetic action in guinea-pig skin, were discovered by Willey. The 
block was independent of the transitory antisympathomimetic action of the 
drug, and was attributed to suppression of conduction in the postganglionic 
fibres (Hey & Willey, 1954). This hypothesis was not tested directly. 

It has now been found that postganglionic action potentials are not sup- 
pressed by doses of TM 10 that block the effects of adrenergic nerve activity. 
Moreover, cholinergic postganglionic nerves, such as those to the submaxillary 
gland, heart, and sweat glands, are unaffected by the drug. 

A single dose of TM 10 (10 mg/kg s.c.) relaxes the nictitating membranes of 
unanaesthetized cats for more than 24 hr. 

In anaesthetized cats the drug (2-5-15 mg/kg 1.v.) blocks the effects of 
sympathetic nerve stimulation in the iris, nictitating membrane, heart, sub- 
maxillary gland, uterus, and splenic capsule. Up to 1 hr may be required for 
the full effect to be established. 

TM 10 prevents the output of noradrenaline from the spleen on stimulation 
of the splenic nerves; but, in acute experiments, it does not affect the release 
of adrenaline or noradrenaline from the stimulated suprarenal medulla. 

It is concluded that TM 10 acts, not by preventing adrenergic nerve 
impulses from reaching the nerve terminals, but by reducing the amount of 
mediator liberated by the impulses—probably by interfering with biosynthesis. 


REFERENCE 
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Preliminary experiments on the mode of action of choline 
2:6-xylyl ether bromide on adrenergic nerves. By W. A. Bain 
and R. Frerpen. Department of Pharmacology, University of Leeds 

The blocking action of choline 2:6-xylyl ether bromide (TM 10) on adrenergic 

nerves (Hey & Willey, 1954; Exley, 1956) can be conveniently studied on 

isolated tissues. The simplest preparation is a length of rabbit’s small intestine, 
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with its attached mesentery and sympathetic nerves aneenat 1930), 
suspended in a bath of Tyrode solution. 

Addition of TM 10 (5-10 g/ml.) usually causes some increase in the 
spontaneous contractions, an immediate antisympathomimetic action, and a 
gradual establishment (10-50 min) of the characteristic block to nerve stimula- 
tion. The antisympathomimetic action, which may be slight, is abolished by 
changing the fluid; but the action on adrenergic nerves persists, and may 
survive several washings. 

Assuming that TM 10 interfered with the synthesis of the adrenergic 
mediator—or mediators—wé thought that a clue to its site and mode of 
action might be afforded if the effect could be antagonized by one or other of 


_, the supposed precursors of noradrenaline. 


The effectiveness of nerve stimulation was immediately restored by 
dopamine (0°5-2-0 yg/ml.), but not by tyrosine, phenylalanine, or dopa: the 
block usually recurred when the dopamine was washed out. 

It thus seemed possible that TM 10 prevented the formation of dopamine— 
presumably by inhibiting dopa decarboxylase. But experiments with a dopa 
decarboxylase preparation from guinea-pig’s kidney (Holtz, Heise & Liidtke, 
1938), and with slices of iproniazid-treated guinea-pig’s kidney incubated in 
blood, failed to show any inhibition of dopamine formation. 

Hither the dopa decarboxylase of adrenergic nerves differs from that of 
guinea-pig kidney, or TM 10 acts in some other way than by inhibiting dopa 
decarboxylase. Further work is in progress. 
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Influence of age on tissue histamine and 5-hydroxytryptamine. 


By J. R. Parratr and G. B. West. Department of Pharmacology, School 
of Pharmacy, University of London 


Over half of the total 5-hydroxytryptamine (5-HT) content of the adult rat 
resides in the skin where it appears to be associated with histamine in tissue 
mast cells (Parratt & West, 1956). Since the histamine content of rat’s skin is 
raised at weaning time (Hardwick, 1954), it was of interest to trace the level of 
tissue 5-HT in animals of different ages. 
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Determinations have been made of the 5-HT and histamine contents of 
tissues of albino rats ranging in age from before birth up to 6 months. The 
following points have been established: 

(1) At birth, a 25-fold increase occurs in the histamine content of the liver 
and lung. 

(2) Two days after weaning, the 5-HT and histamine values for ears, 
abdominal skin and skin of feet are about double those found in the unweaned 
rats of the same age. Tissue mast cells appear normal both in number and 
appearance. At this time, the 5-HT and histamine contents of the whole 
animal are also increased. 
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Fig. 1. The histamine ( x --- - x ) and 5-hydroxytryptamine (@———@) contents of abdominal 
skin of rats of different ages. Arrow indicates time of weaning. 


(3) No detectable difference has been found in the 5-HT content of tissues 
secured from male and female rats of similar ages. 

The skin of other animals (cat, rabbit and guinea-pig) does not contain more 
than traces of extractable 5-HT, though histamine may be present in large 
quantities when tissue mast cells abound. 
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Variation with age in the haemoglobin content and packed cell 
volume of blood from healthy kittens. By J. P. Greaves and 
Patricia P. Scorr 
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Some effects of local cooling on the human forearm. By L. P. 
Row anp* and M. Division of Human Physiology, National 
Institute for Medical Research, London 

Local metabolic changes in human forearms exposed to cold were studied in 

normal adult males by the following changes in blood gases and blood flow. Blood 

flow was measured by a water-filled plethysmograph which stood in a tank 
designed to immerse the whole arm, including the hand, up to the shoulder. 

A catheter was introduced into a vein draining deep forearm muscles (Mottram, 

1955). 

Following a control period, the temperature of the water in tank and plethys- 
mograph was lowered from 34 to 20° C and kept at this temperature for up to 
90 min. Air-free blood samples were withdrawn in syringes containing heparin 
and sodium fluoride (in a final concentration of 0-1%). For 2-3 min before 
and during the withdrawal of the venous sample the circulation of the hand 
was occluded. 

The following measurements were made on the blood: carbon dioxide and 
oxygen contents, oxygen capacity, and packed cell volume. Portions of a 
venous sample taken during the control period and a sample taken after 
cooling were equilibrated with different CO, tensions at 25-26°C. pH was 
determined with the Cambridge pH meter. Plots of log pCO,/log CO, vol. % 
and log pCO,/pH were drawn (Brewin, Nashat & Neil, 1955). Oxygen utiliza- 
tion and carbon dioxide production were calculated as the product of the blood 
flow and the arteriovenous difference. 

Forearm blood flow, oxygen utilization and carbon dioxide production fell 
before there was a marked drop in deep muscle temperature and subsequently 
showed relatively little change while muscle temperature continued to fall. 

The blood taken from the cooled arm showed a decrease in the carbon 
dioxide combining power as compared with blood taken at normal tempera- 
ture. The log pCO,/pH plot of blood taken from the cooled arm showed a shift 
to the acid side. These latter results suggest the development of a local 
metabolic acidosis in the forearm exposed to cold. 
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Bronchial sympathin in the cat. By Mary F. Locxerr. Department of i 

Physiology and Pharmacology, Chelsea Polytechnic, London, S.W. 3 

Bilateral stimulation of the sympathetic chains from just below the stellate q 

ganglia to the level of T 8 has caused the release of sympathin into cat heart- a 

lung circuit blood. The nervi accelerantes had been cut. The sympathin 
* Post-Doctoral Fellow of the National Multiple Sclerosis Society (U.S.). 
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appeared earliest in the pulmonary venous blood, and was therefore judged to 
be bronchial sympathin. 

Bronchial sympathin more closely resembled N-isopropyl-noradrenaline 
than adrenaline in its effect on the rate, size, oxygen consumption, and force 
of contraction of the heart, and in the relief of pilocarpine-induced broncho- 
spasm, in the heart-lung preparation. 

Chromatographic separation of bronchial sympathin has shown 70-90%, of 
the total activity on the heart rate to be due to a sympathomimetic amine 
indistinguishable from N-isopropyl-noradrenaline in Ry values, colour reac- 
tions, and parallel quantitative assays. 

This predominant amine of bronchial sympathin dilates the bronchi, is 
vasodilator, increases the rate, force, and oxygen consumption of the heart, 
increases the rate of glycogen break-down in guinea-pig liver slices, inhibits the 
action of acetyl choline on isolated rat ileum, colon, or uterus, in parallel with 
N-isopropy]-noradrenaline. 


An investigation of the arterial system using a hydraulic oscillator. 
By D. A. McDonatp and M. G. Taytor. Physiological Department, 
Medical College of St Bartholomew’s Hosyital, London 


Analysis of the arterial pulse, to determine the properties of the arterial 
system, has usually been undertaken by treating each pulse individually, as 
a transient phenomenon; this has demanded some preconceived model, the 
‘Windkessel’ being the most popular, in terms of which the analysis is made 
and the arterial system characterized. The present approach to the problem 
uses the fact that the arterial pulses are regularly repeated and so expressible 
as a Fourier Series; that is, the system is in a steady state of oscillation, driven 
by the systolic input, with harmonic components at integral multiples of the 
pulse frequency. From this point of view the form of the arterial pulse is seen 
to depend on the frequency-response characteristics of the system; in the 
absence of precise knowledge of the form of systolic ejection, these relation- 
ships between oscillatory flow and pressure can be obtained by generating a 
known flow and measuring the pressures produced at that frequency. An 
apparatus has therefore been made to do this. 

Sinusoidal flow is generated by a cam-driven pump; pressures are measured 
by a capacitance manometer. A harmonic resolver is used to extract the 
component of pressure at the driving frequency from any mixture of oscilla- 
tions. Two high-speed change-over relays, working at 90 degrees phase 
difference, are activated by contacts on the camshaft of the pump and provide 
two full-wave rectifications of the manometer output. These rectified outputs 
give the Fourier coefficients of the pressure component at the pump frequency. 
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In developing this equipment a water-filled rubber tube, 10 m long, was 
used as a simple test object, and observations made on propagation of pressure 
waves in it. Considerable attention has been given in the literature to the 
significance of reflexions and standing waves in the arterial system, although 
true standing waves can only exist in an undamped system with complete 
reflexion at the terminations. Clamping the rubber tube at various distances 
from the pump and measuring the pressures at intervals along it has confirmed 
the expectation that the viscosity of the water would preclude the develop- 
ment of true nodes or standing waves. It was demonstrated also that in the 
steady state the pressure oscillation was only at the driving frequency; 
although small overtone oscillations were found, due to the inherent non- 
linearity of the system, there were no components ascribable to any oscillation 
at a ‘natural frequency’. 

Preliminary experiments have shown that it is feasible to apply this 
technique successfully to the study of the dog’s arterial system, in vivo, by 
introducing a rigid cannula from the pump into the aorta and measuring the 
pressures in the aorta by passing a long cannula via the femoral artery. 


Inhibition of reticulo-rumen contractions by acid. By R. W. Asx. 
Rowett Research Institute, Bucksburn, Aberdeenshire 


The effect on reticulo-rumen contractions of introducing buffered solutions of 
varied pH and composition into the emptied and washed reticulo-rumen of 
unanaesthetized sheep has been studied. 

Acetate, propionate and butyrate buffers (0-1—0-2 m) in the range pH 3-6—4-0 
caused complete inhibition of contractions either immediately or within 3 min. 
The duration of inhibition varied from 30 to 90 min and the contractions 
returned when the solutions in the rumen were in the range pH 4-3-5-2. Marked 
changes in the carotid blood followed the introduction of these solutions into 
the rumen; these were (a) a fall in pH as much as 0-4 unit, and (6) a rise in 
steam volatile fatty acid varying from 5 to 18 m/l. These changes indicate 
rapid absorption of free acid. 

Buffered solutions of lactate (pH 3-6-4-0); phosphate and citric acid 
(pH 3-8-4-0) and of glycine and HCl (pH 3-0) did not cause inhibition; no 
evidence was obtained of rapid absorption since the pH of the carotid blood 
showed neither rapid nor marked changes. Lactate buffers at pH 2-5 eventually 
produced inhibition but this usually took the form of a gradual decrease in the 
amplitude of contractions. Recovery usually occurred when the solution in 
the ramen was below pH 4-0. 

Inhibition has been produced by acidifying the reticulo-rumen wall with 
acetic acid vapour. Under these conditions the fall in carotid blood pH was 
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less than 0-1 of a pH unit, and the increase in volatile fatty acid did not 
exceed 3-0 mm/l. which is within the normal range. The concentration of 
bicarbonate in the carotid plasma was not critical, since inhibition occurred in 
the same sheep when different concentrations were present. Total CO, was 
reduced by 10% or less. In an anaesthetized preparation the reticulo-rumen 
contracted in response to peripheral vagus stimulation after the introduction 
of an acetate buffer at pH 3-6. This indicates that there is nothing amiss with 
the efferent fibres or the muscle of the organ. 

Acid inhibition of reticulo-rumen movements is not a simple pH effect of 
the contents; it is unlikely that the large changes in the carotid blood occurring 
with fatty acid buffers in the rumen are without effect, but peripheral stimula- 
tion may be the immediate cause of inhibition, as the reticulo-rumen can be 
inhibited when changes in the carotid blood are within normal limits. 


The influence of the contents of the rumen and of adrenaline upon 
its blood supply. By A. Dosson and A. T. Puiiirson. Rowett 
Research Institute, Bucksburn, Aberdeenshire 


The blood flow from the posterior vein of the rumen of heparinized sheep 
anaesthetized with chloralose or pentobarbital was measured by directing it 
through a bubble flow-meter. A saturated KCI bridge leading to a calomel 
electrode and a glass electrode were introduced into the flow-meter circuit. 
Considerable variation was found in the blood flow in sheep of comparable size. 
The characteristic effect of adrenaline injected as a single dose (15-500 yg) or 
given as an infusion (2-300 g/min) was a brief initial increase followed by a 
slowing of the flow followed again by a marked increase in blood flow. The 
first phase was not always noticed and the two principal later phases varied in 
intensity from animal to animal. Further measurements of blood flow were 
made in sheep in which the rumen had been emptied so that it could be filled 
by isotonic buffered solutions of known compositions. Under these conditions 
the following changes in the solutions were important in increasing the blood 
flow from the rumen: (a) increasing the concentration of steam volatile fatty 
acids, (6) lowering the pH of the solution when steam volatile fatty acids 

present, (c) introducing CO,. 

Lactate buffers, and phosphate HCl buffers at pH 4-0 and sodium bicar- 
bonate did not affect blood flow. All solutions that caused a marked increase 
in blood flow caused a marked fall in the pH of the blood leaving the rumen 
with the single exception of sodium butyrate buffered at pH 7-1. 

The response to injected adrenaline was influenced by the solution inside 
the rumen. Both the decreased and the subsequent increased blood flow were 
not marked when solutions of pH 7-5 were present. Both phases and par- 
ticularly the second increased phase became more marked as the pH of the 
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solutions were reduced so that the increased phase was much the more 
prominent of the two. When acetate buffers at pH 4 were present the blood 
flow was very fast and the slow phase was sometimes absent and replaced by 
an increased flow corresponding to the rise in blood pressure. 

From these results it is clear that the blood flow through the rumen and its 
response to adrenaline is modified by the contents within the organ and may 
account partly for the variability observed in sheep with normal contents. 


The excitation of nervous tissue in the isolated stomach in vitro 
by electrical stimulation, acetylcholine and histamine. By 
W. D. M. Paton and J. R. Vane 


» 
7 
“r= 
4 
> 
re 
£ 
: 
| 4 
4 
‘ 


+ 
As 
Py 
> 
q 
| 
= 
| 
] 
« 
é 
7 
AN 
y 


CONTENTS (PROCEEDINGS) 


PROCEEDINGS OF THE PHYSIOLOGICAL SOCIETY 


2 June 1956 


Gowans, J. L. An apparatus for the continuous intravenous re-infusion of 
lymph and living lymphocytes into rats with thoracic duct fistulae 

Love, J. W. A biological assay for secretin : 

Bennett, M. V. L. Synchronizing low frequeney stimuli with « high 
frequency free-running time base , 

Cole, J. and Gleea, P. (Film) . 

Cooper, Sybil and Daniel, P. M. Human muscle spindles . ; 

Kinmonth, J. B. and Taylor, G. W. Spontaneous rhythmie contractility i 
human lymphatics. (Film) 

Daniel, P. M. and Prichard, Marjorie M. L. th tebe of 
the pituitary produced by arresting the blood flow in the hypophysial 
portal vessels in the stalk . 

Saxby, O. B. in the heort perfusion 

Saxby, O. B. and Schuster, 2. H.J. Recording camera. 

Armitage, A. K., Burn, J. H. and Gunning, A. J. Method of studying 
ventricular fibrillation i in the isolated heart ‘ 

Wyatt, D. G. ond euitable 
for measuring and recording rapidly varying heart rate. 

Coxon, R. V. and Kay, R. H. of whole studied 
oxymetric data 

Barer, R. and R. G. for 

Innes, I. R., Kosterlitz, H. W. and Robinson, Judith A. conceit aes 
the longitudinal muscle of the guinea-pig ileum . : : 

Bronk, M. Sylvia and Fisher, R. B. The action of a purified gro deities 
preparation on the carbohydrate metabolism of the th rat heart 

Abbott, B. C. and Lowy, J. ee se 
invertebrate muscles . 


Bishop, J. M., Donald, K. W.., Taylor, 8. H.and Wormald, P. N. Effect of 


Bradley, 8. H., Childs, A. W., Combes, B., Cournand, A., Wade, O. L. and 
Wheeler, H. O. The effect of exercise on the splanchnic blood flow and 
splanchnic blood volume in normal man . 


, B. K. and Lewis, G. P. Comparison of the effect of ine 
and 48/80 on the histamine and wire, of 
rats : 


Acheson, G. 8. Mots, 0. The relation of the Oj 
sumption 6f foetal and’ new-born, lambs to the arterial O, seturation . 


Granit, R., Henatech, H.-D. and Steg, G. 
extensor motoneurones by post-tetanic potentiation . : 


Oorne, 8S. J. The effect of inhibition of amine oxidase on the excretion of 
administered adrenaline and noradrenaline in cats 


Holdstock, D. J., Mathias, A. P. M. A comparative study 
of kinin, kallidin and bradykinin 


PAGE 


4 
IP j 
iP 
IP 
iP 
iP 
4P 
4P 
5P | 
6P 
6P 
6P 
6P | 
6P | 
7P 
| 
| 
| 9P 
9P 
B 
10P 
LIP 
12P 
13P 
14P 


viii CONTENTS (PROCEEDINGS) 


Lehmann, H. and Raper, A. B. 
in similar populations 


McLeod, J.G.Thalamic nerve in the cat 


D’Iorio, A. and Bade, N. R. Catechol amines and adenosine nape negra 
(ATP) in the suprarenal gland of the rabbit p 


Brown, J. R. and Crowden, G. P. Week 


Ambache, N. and West, G. B. Presence of gota carne pharmacologicaly 
active substance in skin extracts 


Jenner, F. A. and Smyth, D. H. Effect of phlorhizin on bile insta 
Howell, J. B. L. and Peckett, B. W. 
paralysed human subjects . 


Blears, Margaret R. The effect of vasoconstriction on the ertial closing 
pressure of blood vessels in the frog’s hind limb . . 


Clarke, R. S. J. and Hellion, R. F. Measurement of forearm blood flow by 
strain gauge and volume plethysmographs 


Sprague, J. M. Anatomical localization of excitation ol inhibition of 
spinal motoneurones . 


20-21 July 1956 


Dornhorst, A. C. and Lee, G. de J. ne 
diffusion equation 


Cook, R. H., Hodgkin, A. L. and Horowicz, P. The effect of rapid changes in 
ionic concentration on the tension produced by single muscle fibres. 


Savini, Z. C. The balance flow-meter. A method for blood 
flow 


Hancock, J. R. FP. A. The effect of evaporation on temperature 
control of the isolated perfused heart . 


Dott, H. M. and Walton, A. The measurement of sperm motility in relation 
to metabolism . 

Campbell, F. W. A infeed rconing optometar 

Matthews, B. H, C. Tendon reflexes in free fall 


Cunningham, D. J. C., Johnson, W. G. B. B. A modified 
‘Cormack’ respiratory valve 


LTloyd, B. B. and Wright, T. A. A four-channel tap for we in human 
respiratory studies . 


Clarke, Z. W. A gas analysis 


Sprague, J. M. D.A. silver stain for the selective staining of eceanend 
axons and their terminal branches in the central nervous system ng 


Donaldson, P. K. A cathode using a 
single-gun tube . 


Donaldson, P. K. A miniature booster amplifier for the second channel 
of the Cossor 1049 oscilloscope . 


Tregear, R. T. Lateral surface and dorsal root records compared 
spinal cord inthe frog 


Kennard, D. W. The effect of temperature on the antidromic activation of 
motor neurones in the frog (R. temp.) , 


Huzley, A. F. A new muscle preparation : 


PAGE 


16P 


19P 


23P 


31P 
31P 


32P 


34P 
34P 


35P 
35P 
35P 
35P 


35P 
35P 


& 


R 
15P 
7 Ba 
4 17 P Al 
17P 
De 
20P M 
22P Fe 
Fe 
4 || 
24P 4 
25P 
D 
27 P 
S 
27P | 
27P 
30P 
7 
Oc 
K 
B 


my: 


OONTENTS (PROCEEDINGS) 


fovea of the humaneye 

Smythies, J. R. Cerebral synapses. 

Boyd, I. A. The tenuissimus muscle of the cat . 


Abbott, B. C. and Lowy, J. On the identity ofthe muscle constant derived 
thermally and mechanically ‘ 


Denton, D. A. and McDonald, I. R. pid ‘change of 
balance on the Na+/K* ratio of the parotid saliva of Na+ depleted sheep 

Neame, K. D. and Wiseman, G. Transamination of longest acid oie 
absorption by the small intestine of the dog : 

Farrell, J. H. The digestibility of raw and cooked meat 


Foster, W.C. Protein-bound iodine in the anterior and hypophysis 
of cattle 


Andersson, B. and Jewell, P. A. “The effects continuous upon 
the ‘neurosecretory’ material in the hypothalamus of the dog ; 

Howe, A. and Pearse, A. G. E. A histochemical gph cay of neuro- 
secretory substance in the rat 


Dun, F. T. The attenuation of potential in thie motor 
aborization 

Dews, P. B. Acquisition of of pigeons . 

Swan, H. J.C. and Wood, EZ. H. A method for the continuous determina- 
tion of total er blood flow in the dog wal an indicator-dilution 
technique 

Booker, W. Froncse, Mischatl, 8. ©. ond Shelton, M. Furthes 
studies on ‘the effects of cortisone and its ae on the intact and 
perfused heart 

Brindley, G. S. Evidence concerning the origin of the 

Erulkar, 8S. D. and Fillenz, Marianne. 
unit activity in the lateral geniculate body of the cat ; 

Cormack, R. S., Cunningham, D. J. C. and Gee, J. B. L. The effects of 


hypercapnia and acapnia on the respiratory response to acute want 
of oxygen in man : 


Bollman, J. L., Maher, F. T. and Manger, W. M. Plasma concentration of 
epinephrine and norepinephrine in haemorrhagic and shock 

Menkin, V. Studies on the mechanism of cell division 

Code, C. F. and Irvine, W. T. The output of HCI in gastric juice ae free 
histamine in urine during stimulation of gastric secretion . , 

Weld, C. B. The lipaemia clearing reaction and free fatty acids 

Dolivo, M., Horowicz, P., Larrabee, M. G. and Stekiel, W. Metabolic sub 
strates in mammalian sympathetic ganglia 


Kennard, D. W. Studies on the activation of ee soakas neurones in the 


frog (R. temp.) . 
Lewis, D. M. Rat retinal by reflected tranemitted 
light 


Walker, Mary Ann. Homogeneity on pigment solutions from 
two sea fish 


41P 


42P 
43P 


44P 


45P 


46P 


46P 


47P 


48P 


49P 
50P 


51P 
52P 


52P 


53P 
54P 


55P 


56P 


ix 
PAGE 
35P 
35P 
35P 4 
36P 
37P 
39P 
40P 
41P 
41P 
| | 
| | | 
| | 


x CONTENTS (PROCEEDINGS) 


Denton, E. J. On the vision of the conger eel . ; ‘ . 

Cross, B. A. Two hypothalamic systems controlling uterine motility 

Forster, OC. A. J. S.J. 
anaesthesia 


Harris, E. J. and Hutter, 0. F. "The action of acetylcholine on the move 
ments of potassium ions in the sinus venosus of the heart . ‘ 


Ginsburg, Jean.and Paton, A. in man of inulin hypoglyonemin after 


adrenalectomy 

Bishop, J. M., Donald, K. W., Taylor, 8. H. and Wormald, P.N. ‘Blood flow 
changes in the resting arm during supine leg exercise in normal subjects 

Born, G. V. R. The break-down of adenosine 
during clotting 

Armitage, A. K., Burn, J. H. and Gunning, A. J. Factors affecting vents 
cular fibrillation 

Feldberg, W. and Greengard, P. Release of histamine from the perfused 
sciatic nerve by 48/80 ; 

Silver, I. A. Vascular changes in the mammary gland during engorgement 
with milk . 

LTinzell, J. L. Evidence against « parasympathetic innervation of the 
mammary glands 

Bell, F. R. and Hvana, C. Lovatt. Sweating and the innervation of sweat 
glands in the horse 

Herzheimer, H. and McAllen, Monica K. Recording of cough produced by 

aerosol 


Holland, W. W. Physiological responses of the 
neonatal blood pressure 


Fou, R. H. and Hilton, 8S. M. Sweat gland activity ae contributory factor 
to heat vasodilatation in the human skin 

Moore, R. E. Hypoxia, body temperature in 
new-born kittens 4 

Exley, K. A. The blocking action of choline 2:0-rylyl ether bromide on 
adrenergic nerves 

Bain, W. A. and Fielden, R. tes cation 
of choline 2:6-xylyl ether bromide on adrenergic nerves 

Parratt, J. R. and West, G. B. Influence of age on tissue histamine and 
5-hydroxytryptamine . 

Greaves, J. P. and Scott, Patricia P. Variation. with in 
content and packed cell volume of blood from healthy kittens : 

human forearm . 

Lockett, Mary F. in the ‘cat 

McDonald, D. A. and Taylor, M. G. An investigation ofthe arterial system 
using a hydraulic oscillator ; 

Ash, R. W. Inhibition of reticulo-rumen te 


Dobson, A. and Phillipson, A. T. ‘The influence of the contents of the ramen 


and of adrenaline upon its blood supply 


Paton, W. D. M. and Vane, J. R. The excitation 


59P 


61P 
62P 


63P 
64P 


65P 
66P 
67P 
67P 
68P 
68P 
69P 
70P 


70P 


71P 


72P 


73P 
73P 


74P 
75P 


76P 


77P 


> 


> 


4 PAGE 
q 56P 
57P 
58P 
58P 

3 60 P 


LIST OF AUTHORS 
Papers published in Proceedings by title only are indicated by (T) 

invertebrate muscles . ‘ 

Assort, B. ©. and Lowy, J. On the identity of the musele constant a 
derived thermally and mechanically . 

Aspranams, V. C. and Pickrorp, Mary. The effect of 
injected into the supraoptic nuclei of chloralosed dogs on the = of 
the oxytocic factor of the posterior pituitary 

Acueson, G. H., Dawes, G. 8. and Mort, Joan C. The jetiiéion of the 0, 
consumption of foetal and new-born lambs to the arterial O, saturation 

ActanD, J. D. and Goutp, A. H. 
lating eosinophils in man . 

ApRIAN, R. H, The effect of internal and sadiaaal potassium concentration 
on the membrane potential of frog muscle . . 

AMBACHE, N. and West, G. B. Presence ofan unidentified pharmacologicaly 
active substance in skin extracts : 

ANDERSSON, B. and JEwELL, P. A. The effects of contitivous hydration 
the ‘neurosecretory’ material in the hypothalamus of the dog (T) 

Anprew, B. L. A functional analysis of the of the 
superior laryngeal nerve of the rat. 

ArpDEN, G. B. and Greaves, D. P. The of the 
retinogram of the rabbit after occlusion of the retinal circulation . 

ArmiracE, A. K., Burn, J. H. and Gunnine, A. J. Method of nt 
ventricular fibrillation i in the isolated heart R 

ArmiTace, A. K., Burn, J. H. and Gunning, A. J. Factors affecting 
ventricular fibrillation 

Baty, W. A. and Frenpren, R. Preliminary experiments on the mode of 
action of choline 2:6- xylyl ether bromide on adrenergic nerves . ; 

Barer, R. and Unpsrwoop, R. G. for cine- 
matography 

F. R. and Evans, C. Sweating and the 
glands in the horse. 

Bet, F. R. and Lawn, A. M. Delineation of motor areas in the cerebral 
cortex of the goat ‘ 
Bennett, M. V. L. Synchronizing frequency ‘stimuli with a high 

frequency free-running time base ‘ 

Berarpo, W. T., Fetpserc, W. and HirTon, 8. M. Experiments 0 on the 
factor in urine forming substance U . 


B. K. and Lewis,G. P. of the effectof 
and 48/80 on the histamineand 5-hydroxytryptamine in mast cells of rats 


Bisuop, J. M., K. W., Taytor, S. H. and Worma.p, P. N, Effect 
of supine leg exercise on the one A-V sarge difference: in 


normal subjects . 


J. Dowatp, K. W., TAvion, 8. H. and Wommaxp, P.N. Blood 
flow changes in the resting arm during supine leg exercise in normal — 


subjects . 


PAGE 


8P 


36P 


330 
11P 
456 
631 
19P 
41P 
420 
266 
6P 


62P 
75P 


70P 


67P 


9P 


60P 


- 
| 
Xl 

6P 4 

159 

LP 3 

558 

10P 


xil LIST OF AUTHORS 


BuiasceKo, H., Born, G. V. R., D’lorio, A. and Eaps, N. R. Observations 
on the distribution of catechol amines end adenosine senor il in the 
bovine adrenal medulla 

Bizars, Marcaret R. The effect of oitiisiaititbibehe on the critical closing 
preasure of blood vessels in the frog’s hind limb . , 

Bortiman, J. L., Maner, F.T. and Mancer, W.M. Plasma of 
epinephrine and in and 
shock 


Bonn, M. J. N. The effect of duoride on the 
output of some electrolytes from the gastric mucosa of cats 


Booxer, W. M., DaCosta, Frances, Mrronet, 8. Q. and M. 
Further studies on the effects of cortisone and its ws ps8 a8 on the 
intact and perfused heart . 


Born, G. V. R. The break-down of Slashes triphosphate in blood 
platelets during clotting 


Bory, G. V. R., D’Torto, A., N. R. 
on the distribution of catechol amines and adenosine ee in 
the bovine adrenal medulla | : 

Boyp, I. A. The tenuissimus muscle of ii cat 


8. E., Camps, A. W., B., COURNAND, 0. L. 
and WHEELER, H. 0. The effect of exercise on the splanchnic sine 
flow and splanchnic blood volume in normal man ___.. 


BrinD.ey, G.8. Evidence concerning the origin of the electroretinogram (T) 


Bronk, M. Sytvia and Fisuer, R. B. of growth 


hormone on the metabolism of the 
rat heart . 


Brown, J. R. and Caowpzn, G. P. 

Eprrs, Houtman, Mouse and H. Effects of calcium 
deficiency on striated muscle of the frog. 

Burcen, A. 8. V. Secretion of plasma proteins in saliva (T) ‘ 


Burn, J. H., Gunyine, A. J. and Armrracs, A. K. Method of studying 
ventricular fibrillation in the isolated heart (T) . ‘ 


Burn, J. H., A. J. and A. K. Factors affecting 
ventricular fibrillation : 


Burtt, E. T. and Carron, W. T. Bleotrcal responses to visual stimulation 
in the optic lobes of the locust and certain other insects . 
CaMPBELL, F. W. A high-speed infra-red recording optometer . ‘ 


8. D. and Durr, N. 
response to variations in left auricular pressure . 


CARLYLE, A. and J. involved in the of cerebral 
blood flow . 


Catton, W. T. and E. Electrical responses to visual stimulation 
in the optic lobes of the locust and certain other insects. 


Curtps, A. W., Comsss, B., Cournanp, A., Wane, O. L., WHEELER, H. 0. 
and BRADLEY, S.E. The effect of exercise on the splanchnic blood _ 
and splanchnic blood volume in normal man. 

E. W. A gas analysis apparatus for 


R. S.J. and Hetton, R. F. Measurement of forearm blood 
strain gauge and volume plethysmographs as ~ 


. 


PAGE 


317 


45P 


61P 


« 
4 


ao 2 


QO 


— 
1 548 | 
23P | 
49P | 
= | 
| 
| 
548 . 
P 35P | | 
9P | 
46P 
17P 
101 
54P | 
6P | 
62P 
68 
31P | 
q in | 
275 
q 10 | 
’ 
68 
9P 
34P | 
4 24P 


x 


LIST OF AUTHORS 


CosBoLp, A. F. and Lewis, O. J. The nervous control of joint blood vessels 


Cosson, A. F. and Lewis, O. J. The action of adrenaline, noradrenaline 
and acetylcholine on blood flow through joints . 

Cop, C. F. and Inving, W. T. The output of HCl in gatri juice and free 
histamine in urine during stimulation of gastric secretion . 

Cots, J. and Gress, P. Effects of reserpin and ritalin on monkeys. (Film) 

ComsBgs, B., CouRNAND, A., Wank, O. L., ter, H. O., Braptey, 8. E. 
and Cutips, A. W. The effect of exercise on the splanchnic blood flow 
and splanchnic blood volume in normal man . 

Cook, R. H., Hopexm, A. L. and Horowrez, P. The effect of rapid changes 
in ionic concentration on the tension produced by single muscle fibres 
( 

Coorrr, and P. M. Human muscle spindles 

Cormack, R.8., Cunntnenam, D. J. C. and Guz, J. B. L. The effects of 
hypercapnia and acapnia on the respiratory response to acute want of 
oxygen in man . 

Corng, 8. J. The effet of inhibition of amine oxidase on the excretion of 
administered adrenaline and noradrenaline in cats 


Cort, J. H. and Kizrmzetumr, A. The effect of denervation, pituitrin aba 
water in kidney slices 

CouRNAND, A., O. L., E., Camps, 
A. W. and Coomszs, B. The effect of exercise on the splanchnic blood 
flow and splanchnic blood volume in normal man __., 

Coxon, R. V. and Kay, R. H. The optical properties of whole blood studied 
oxymetric da 

Cross, B. A, Two uterine 

Crowpen, G. P. and Brown, J. R. The grading of muscular work . . 

Csapo, ARPAD. 
metrium 

J. C., Guz, J. B. L. The effects of 
hypercapnia and acapnia on the respiratory response to acute want of 
oxygen in man . 

D. J. C., Wis G. H. and B. B. A modified 
‘Cormack’ respiratory valve 

DaCosta, Frances, Mrrone 8. Q., M. W. M. 
Further studies on the effects of cortisone and its congeners on the 
intact and perfused heart 

M. pe and Wricat, P. G. The effects of anticholinesterase 
upon peripheral vascular resistance in the dog . 

Dantet, P. M. and Coorsr, Sysm. Human muscle spindles. 


Dantet, P. M. and Pricuarp, Marjorie M. L. Necrosis in the anterior lobe 
of the pituitary produced by arresting the blood flow in the srpoenyee 
portal vessels in the stalk . ; ° 

Dawes, G. 8., Mort, Joan, C. and amen G. H. The relation of the O, 
consumption of foetal and new-born lambs to the arterial O, saturation 


Denton, D. A. and McDonaxp, I. R. The effect of a rapid change of Na* 
balance on the Na+/K* ratio of the parotid saliva of Nat depleted sheep 


27P 


47P 


13P 


57P 
17P 


145 


47P 


32P 


45P 
475 
iP 
4P 
11P 


37P 


xiii 
PAGE 
467 
| 472 
| 
51P 
iP é 
| 
| 
iP | 
| 
| | 
| 287 
9P 
6P 
| 
| 
| 
| 


xiv LIST OF AUTHORS 


Denton, E. J. On the vision of the congereel. ‘ ‘ ‘ ‘ 

Drews, P. B, Acquisition of discriminatory behaviour of pigeons. 

DtamonpD, J., Gray, J. A. and of impulae 
in Pacinian 

D’Ior10, A. and Ears, R. Catechol amines triphoephate 
(ATP) in the suprarenal gland of the rabbit 

D’Iorto0, A., Eapz, N. R., H. and Born, G. V. R. Observations 

on the distribution of catechol amines we adenosine Dhasiticnnioting in 

the bovine adrenal medulla e 

Dosson, A, and Purmuirpson, A. T. Tho influence of the contents of the 
rumen and of adrenaline upon its blood supply . ¥ “ 

Dottivo, M., Horowtcz, P., M. G. and Srexre., W. Metabolic 
substrates in mammalian sympathetic ganglia . ; , 

Donat, K. W., Taytor, 8. H., Wormaxp, P. N. and Bisnor, J. M. Effect 
of supine leg exereise on the splanchnic A-V oxygen difference in 
normal subjects . 


Donaxp, K: W., Taytor, 8. H., N. M. Blood 


flow changes in the resting arm during supine leg exereise in normal 
subjects. 

Donaxpsoyn, P. E. K. A multiple-trace eathode ray oscillograph using 
single-gun tube (T) 

Donatpson, P. E. K. A miniature booster amplifier for the second channel 
of the Cossor 1049 oscilloscope (T) 


Dornuorst, A. C. and Lzz, G. pz J. A device for solving the alveolar 


capillary diffusion equation (T) . 

Dott, H. M. and Warton, A. The measurement of sperm motility i 
relation to metabolism 

W. W. and Rrreure, J. M. the 
superior cervical and accessory cervical ganglia of the rabbit. ‘ 

Dovetas, W. W., Raronim, J. M. and ScuHaumann. W. A study of the effect 
of the pattern of electrical stimulation of the aortic nerve on the reflex 
depressor responses. 

Duke, N. end Canum,, 8. D. Pulmonary vascular changes in 
response to variations in left auricular pressure . ; 

Don, F. T. The attenuation of electrotonic potential inthe motor termina 
arborization 

N. R., H. Boax, G. V. R. and D’ ds 


on the distribution of catechol amines and adenosine Ricerca snatiay in 
the bovine adrenal medulla 


Eapg, N. R. and D’Ior1o, A. Catechol amines triphosphate 
(ATP) in the suprarenal gland of the rabbit ‘ 


Epwakrps, C., Rrrenim, J. M. R. The effect of some cations 
on the active state of muscle . 


E1sen, V. D., Exxis, R. E. and Wits0x, C. W. M. The effect of 
tion on tiewue histamine in the rat . 


Exuts, R. E., Wizaow, ML V. D. The of X-irradia 
tion on tissue histamine in the rat. 


ERSPAMER, V. Some observations on the fate of exogenous 
tryptamine (enteramine) in the rat. ‘ 


76P 


Gr 


Gr 


| PAGE 
56P ER 
43P 
Ev 
54 
Ex! 
4 17P 
Pas 
Fre 
548 
FE 
Fe 
52P 
a 
oP 
Fis 
’ 35P 
Fo 
35P 
4 Fos 
27P 
Fo 
30 P 
Fu 
220 
Gr 
232 
GI 
275 | 
Gu 
42P Go 
Go 
548 
17P * 
= 
4 Gr 


LIST OF AUTHORS 


single unit activity in the lateral geniculate body of the cat 

glands in the horse 


Exuey, K. A. The blocking action of choline 2: @-xylyl ether bromide on 
adrenergic nerves ; 

W. and GrReEENGARD, P. Release of histamine from the 

FEeLDBERG, W., Hitton, 8. M. and Brratpo, W. Experiments on‘the 
factor in urine forming substance U . ‘ 

Honor B. and E. The effect of L- on the 
culture 


FIELDEN, R. Wl Cin mote of 
action of choline 2:6-xylyl ether bromide on adrenergic nerves . 


FILLENZ, MARIANNE and 8. D. 
unit activity in the lateral geniculate body of the cat ‘ 

Fisuer, R. B. and Bronk, M. Sytvia. growth hor- 
heart . 


Forster, C. A., P. J. and Sancza, 8. Compliance of the lung 
during anaesthesia (T) : 


Foster, W. C. Protein-bound iodine inthe anterior and posterior hypo- 
physis of cattle (T) ‘ 


Fox, R. H. and 8. M. Sweat activity as & contributory 
to heat vasodilatation in the human skin 


Fuorrtes, M. G. F. and Huss, D. H. A comparison of flexor and extensor 
reflexes of muscular origin . : 

Ges, J. B. L., Cormack, R. 8. J. The effects of 
hypereapnia and acapnia on the respiratory response to acute want of 
oxygen in man . 

Pacem, Biects in man of insulin hypoglyeaemia 


Guess, P. and Cots, J. Effects of reserpin end ritalin on monkeys. (Film) 
GoéprerRtT, H. F. Slow potentials in the dorsal parts of the isolated ee 
cord and their relation to dorsal root potentials . : 


Goutp, A. H. and AcLAND, J. D. Normal variation in the count of cir. 
lating eosinophils in man . . 


Gowans, J. L. An apparatus for the continuous intravenous jatcdiahion of 
lymph and living lymphocytes into rats with thoracic duct fistulae 


Granit, R., Hewatscon, H.-D. and Sree, G. Differentiation of tonic from 
phasic extensor motoneurones by post-tetanic potentiation ‘ 
Grantt, and Paris, C. G. Excitatory and inhibitory processes 
acting upon individual Purkinje cells of the cerebellum in cats . ‘ 


Gray, J. A. B., Savo, M. and — J. The site of initiation of Sis tac 
in Pacinian corpuscles ; 


Grayson, J. and A. involved in the control cerebral 
b 


46P 


41P 


47P 


433 


10 


xv 
PAGE q 
46P 
67P 
10P 
40P 
63P 
558 
89 
10P 
IP | 
58P 
68 P 
446 
59P 
IP 
= 
456 
iP 
12P 
520 
54 


xvi LIST OF AUTHORS 


ture in the rat 

Greaves, D. P. and G. B. The of the 
retinogram of the rabbit after occlusion of the retinal circulation 


Greaves, J. P. and Scorr, Parricia P. Variation with in the haemo- 
globin content and packed cell volume of blood from healthy kittens (T) 


GREENGARD, P. and W. 
sciatic nerve by 48/80 

Guynine, A. J., Anmrrace, A. K. J. H. Method of studying 
ventricular fibrillation i in the isolated heart (T) . : e 

Guwnine, A. J., Anmrracr, A. K. and Burn, J. H. Factors affecting 
ventricular fibrillation 

Haut, P. F. and Myant, N. B. Passage of exogenous ceeaian and of 
iodide between mother and foetus in pregnant rabbits ‘ 

Hancock, J. R. and Nasmyrs, P. A. The eect of evaporation on temper 
ture control of the isolated perfused heart 


Hanpter, J. J. The foetal circulation and its changes at birth in some 
small laboratory animals 

Harries, E. H. L. The effet of noradrenaline on the gastric seoretory 
response to histamine in the dog , 

Hares, E. J. and Hurrer, 0. F. The action of settighinalies on ‘the move- 
ments of potassium ions in the sinus venosus of the heart . ‘ 

Hareis, E. J. and Sremesacsa, H. B. The extraction of ions from imine 
by water and sugar solutions with a study of the degree of eet 
with tracer of the sodium and potassium in the extracts 

Hear, P. J., Samepte, 8. J. A. Compliance of the lungs 
during anaesthesia (T) ; 

Hess, Catuerine O. Choline i in ‘the developing nervous system 
of the rabbit and guinea-pig 

Hetton, R. F. and Crarxs, R. 8. J. of Gow 
by strain gauge and volume plethysmographs 

Het1on, R. F. and Linn, A. R. Observations on the of glands 
with special reference to the influence of ageing 

R. F., Luxp, A. R. and Werver, J.8. The physiological reactions 
of men of two age groups to a hot environment : 

Henatscu, H.-D., Stec, G. and Granrr, R. Differentiation tonic 
phasic extensor motoneurones by post-tetanic potentiation 

HERXHEIMER, H. and McALLEN, Monica K. of produced 
by aerosol . 

Hitron, 8. M., BERALDo, W. .. and Ww. Experiment on the 
factor in urine forming substance U . 

Hiton, 8. M. and Fox, R. H. Sweat gland activity as a contributory 
to heat vasodilatation in the human skin 

Hopexin, A. L., Horowicz, P. and Coox, R. H. ‘The effect of tight 
in ionic concentration on the tension produced by single muscle fibres 

Ho.psrock, J., Marutas, A. P. 
of kinin, kallidin and bradykinin 


W. W. and Young, I. Phy logical responses of the 
neonatal blood pressure (T) 


PAGE 


181 


498 


24P 
132 
118 
12P 
67P 
558 
68P 
27P 
14P 


68P 


Ho 
334 
H 
266 
63P Ho 
6P Ho 
62P Hu 
| | H 
H 
| 202 Hu 
| | Hu 
| In 
58 P 
Ir 
385 
JE 
58P 
JE 
1 566 
JOR 
Jo 
JO 4 
Ka 
KE 
KE 
Kr 
’ Ki 


LIST OF AUTHORS 


HoiMAN, LOLtiMann, H. Epira. Eeficote of caloium 
deficiency on striated muscle of the frog 

Horowrcz, P., Coox, R. H. and Hopexm, A. L. "The effect of rapid ¢ 
in ionic concentration on the tension ogeunves “od — muscle fibres 
(T) 

Horowicz, P., M. G., Ww. Dousvo, M. Metabolic 
substrates in mammalian sympathetic ganglia . 


Hows, A. and Pearse, A. G. E. A histochemical investigation of neuro 
secretory substance in the rat 

Howe tt, J. B. L. and Peckxert, B. W. Compliance th 
paralysed human subjects . 

Huset, D. H. and Fuortes, M.G.F. A of extensor 
reflexes of muscular origin . 


Hunt, J. N. and Bonn, Auprey, M. The effect on the 
output of some electrolytes from the gastric mucosa of cats 


Hutter, O. F. and Harris, E.J. The action of acetylcholine on the move- 
ments of potassium ions in the sinus venosus of the heart . 

Hutter, QO. and Trautwern, W. Neuromuscular facilitation by streteh 
of motor nerve-endings 

Hvuxtey, A. F. A new muscle ‘jeolated fibres from the (T) 

I. R., Kostveriirz, H. W. and RoBINnson, JUDITH A. 
of the longitudinal muscle of the guinea-pig ileum 

Irvine, W. T. and Copz, C. F. The output of HC! in gastric juice Lae “ad 
histamine in urine during stimulation of gastric secretion . ; 

JaRrettT, A.S. The effect of acetylcholine on touch receptors in frog’s skin 

JENNER, F. A. and Smyru, D. H. Effect of phiorhizin on bile glucose 

JEWELL, P. A. and ANDERSSON, B. The effects of continuous hydration upon 
the ‘neurosecretory’ material in the hypothalamus of the dog (T) 

Joris, N. and Samuretorr, M. Metabolic acidosis in diffusion respiration . 

N. and Samurtorr, M. The of the centres in 
diffusion respiration ‘ 

Jounson, W. G. H., Luoyn, B. B. and J. C. A modified 

‘Cormack’ respiratory valve 

Kay, R. H, and Coxon, R. V. The optical sounictinn of ines blood studied 
in glass cells by filter as a basis for the of 
oxymetric data (T) . 

KENNARD, D. W. The effect of on the of 
motor neurones in the frog (R. temp.) (T) 

KENNARD, D. W. Studies on the activation of ta motor neurones in the 
frog (R. temp.) 

R., RENSCHLER, H. D. and G. M. 
A comparison of the distribution of “*K and **Rb in rabbit and man . 


Kinmonts, J. B. and Taytor, G. W. 
human lymphe.tics. (Film) 


KLEINZELLER, A. and Cort, J. H. The effect of ituitrin 
varied cation concentration on the of cations and 
water in kidney slices . 

H. W. A. and Innes, I. R. Some properties 
of the longitudinal muscle of the guinea-pig ileum. 


35P 


287 


xvii 
PAGE 
101 
27P 
52P 
41P 
22P 
446 
317 
58P 
610 
35P 
6P 4 
51P 
243 
20P 
41P 1 
347 
360 
32P 
6P 
53P 
194 
lity in | 
3P 
52 4 


xviii LIST OF AUTHORS 


Kosreruirz, H. W., Prem, Vivien W. and A. The 
mechanism of the peristaltic reflex in the isolated guinea-pig ileum 

Larrases, M. G., Srexret, W., Dottvo, M. and Horowicz, P. 
substrates in ‘mammalian sympathetic ganglia . 

Lawn, A. M. and Brett, F. R. Delineation of motor areas in the secstnel 
cortex of the goat 

Ler, G. pe J. and Dornuorst, A. A device for solving the alveolar 
capillary diffusion equation (T) . ‘ 

Leaman, H. and Raper, A. B. The maintenance of diferent ikting rate in 
similar populations ‘ 

Lewis, D. M. Rat retinal by light 


Lewis, G. P. and Brarracnuarya, B. K. Comparison of the effect of 
reserpine and 48/80 on the histamine and he ge Do errs in mast 
cells of rats 


Lewis, O. J. and CoBBoLp, F. The nervous of joint blood 

Lewis, O. J. and Cossotp, A. F. The action of adrenaline, noradrenaline 
and acetylcholine on blood flow through joints . . 

Lewis, P. R. and Loppan, Mary C. Patterns of ditch’ excretion in 
human subjects during a prolonged period of life on a 22-hour day 

Lewis, P. R., Loppan, Mary C. and Sxaw, T. I. Patterns of urine flow in 
human subjects during a prolonged period of life on a 22-hour day 

Li, CHox-Luu. The inhibitory effect of stimulation of a thalamic nucleus on 
neuronal activity in the motor cortex ‘ 

Litey, A. W. The quantal components of the 

Linp, A. R. and Hetxon, R. F. Observations on the activity of sweat oe 
with special reference to the influence of ageing - 

Linn, A. R., Werner, J. 8. and R. F. The physiological reaction 
of men ‘of two age groups to a hot environment 

Linzett, J. L. Evidence a innervation of 
mammary glands ‘ 

Luoyvp, B. B., Cunninecuay, D. J. C. ‘and Jomxsox, W. G. H. A modified 
‘Cormack ’ respiratory valve 

Lioyp, B. B. and Wrient, T. A. A for use in 
respiratory studies . 

LospBan, Mary C. and Lewis, P. R. Patterns of in 
human subjects during a prolonged period of life on a 22-hour day 

LospBan, Mary C., Saw, T. I. and Lewis, P. R. Patterns of urine flow in 
human subjects during a prolonged period of life on a 22-hour day 

Lockett, Mary F. Bronchial sympathin in the cat 


LOEWENSTEIN, WERNER R. _ Excitation and in by 
stretch of mech ptors 


PouLos, J. H. and N. B. of iodide 
and *§-labelled thiocyanhte by the stomach of the hamster _. 


Loves, J. W. A biological assay for secretin 


Lowy, J. and Assort, B. C. Earl tension changes during 
certain invertebrate muscles contraction us 


On the iden of the 


PAGE 


681 


52P 


670 


73P 


| 159 
27 P 
55P 
10P 
| 467 
472 
670 
659 
40 
571 
132 
118 
66P | 
32P 
34P 
659 
4 | 
588 
Loe 
213 
iP 
gP 
36P 


LIST OF AUTHORS 


LULLMANN, H., Eprra and Hotman, on 
deficiency on striated muscle of the frog. 


McALLEN, Monica K. and H. Recording of cough produced 
by aerosol . 

R. A. and ‘Wippoweon, M. "Metabolism, growth and 
function of piglets in the first days of life . , 


McDonatp, D. A. and Taynor, M. G. An investigation of the arterial 
system using a hydraulic oscillator . 

I. R. and Denton, D. A. The effect ite of Nat 
balance on the Na*+/K* ratio of the parotid saliva of Nat depleted sheep 

McLgop, J. G. Thalamic representation of splanchnic nerve afferents in 

Mauer, F. T., Mancer, W. M. and Botiman, J. L. Plasma concentration 
of epinephrine and in and 

3 shock . 

ManGeER, W. M. 7, L. ¥. of 
epinephrine and norepinephrine in haemorrhagic and anaphylactic shock 

Maruias, A. P., Scuacuter, M. J. 
of kinin, kallidin and bradykinin : 

Matruews, B. H. C. Tendon reflexes in free fall 


MELLANBY, E. and Feit, Honor B. The effect of om the 
growth and ee of se ae chick limb bones in tissue 
culture ‘ 


MENDEL, D. and J. The distribution bind regulation o of tempers 
ture in the rat. é 


Menxrn, V. Studies is of cell division 

8. Q., SHevron, M., Booker, W. M. and DaCosta, 
Further studies on the effects of cortisone and ita — on the 
intact and perfused heart 


R, E. Hypoxia, and in 
new-born kittens 


Morera, M. F., R. F. The effect of 
venous pressure on the oxygen content of venous blood in the deep 
forearm veins 

Mort, Joan C., Acuzson, G. H. and Dawzs, G. 8. The relation of the O, 
consumption of foetal and new-born lambs to the arterial O, saturation 

Morrram, R. F., Werner, A. Yvonne and Morerra, M. F. The effect of 
venous pressure on the oxygen content of venous blood in the deep 
forearm veins. . ‘ 

Munro, D. &., Window, G. M., KILPATRICK, R. E. 
A comparison of the distribution of “K. and **Rb in rabbit and man . 

Myant, N. B. Metabolism and distribution of 2 a _— hormone 
in rats with and without salivary glands . 

Myant, N. B. and Hatt, P. F. Passage of exogenous thyroxine and of iodide 
between mother and foetus in pregnant rabbits . ‘ ‘ 

B. and J. H. Concentration of radio-iodide 
and %§-labelled thiocyanate by the stomach of the hamster.” 


69P 


167 


194 


213 


PAGE 

101 7 
67P 

373 
37P 
16P 
49P 
49P 
| 
31P 
89 

334 
50P 
45P 

301 

255 | 

| 

255 

603 

181 

= j 


xx LIST OF AUTHORS 


P. A. and Hancook, J. R. 
ture control of the isolated perfused heart . é 

Neamg, K. D. and Wiseman, G. Transamination of glutamic acid during 
absorption by the small intestine of the dog . 

Parratt, J. R. and G. B. Influence of age on tinue histamine and 

5-hydroxytryptamine ‘ 

Paton, A. and GrnsBurG, JEAN. Effects in man of insulin 
after adrenalectomy 

Paton, W. D. M. and Vane, J. R. th 
isolated stomach in vitro electrical and 
histamine (T) 

Pearse, A. G. E. and Howe. A. A hatcahtaniesl investigation of neuro- 
secretory substance inthe rat. 

Precxett, B. W. and Howe 1, J. B. L. Compliance studies in anaesthetized 
paralysed human subjects . ; 

C. G. and Granit, RaGNaAR. inhibitory 
acting upon individual Purkinje cells of the cerebellum in cats . ; 

Purturson, A. T. and Dosson, A. The influence of the contents of the 
rumen and of adrenaline upon its blood supply . 

Pickrorp, Mary and Apranams, V. C. The effect of anti-cholinest 
injected into the supraoptic nuclei of chloralosed dogs « on the release of 
the oxytocic factor of the posterior pituitary . 

Pickxies, V. R. An apparatus for the study of hypotonic Sidciddrets 

Vivien W., H. W. and Rosinson, Juprra A. The 
mechanism of the peristaltic reflex in the isolated guinea-pig ileum 

PrRicHarD, Marsorre M. L. and Dantex, P.M. Necrosis in the anterior lobe 
of the pituitary produced by arresting the blood flow in the ——— 
portal vessels in the stalk . , 


Raper, A. B., and Leamann, H. The maintenance of diferent sickling 
rates in similar populations 

Renscuier, H. E., Munro, D. &., G. M. ead B. 
A comparison of the distribution of “K and **Rb in rabbit and man . 

Rivcz, J. N. The effect of unilateral common carotid occlusion and of acute 
unilateral cervical on the anions of the 
aqueous humour 

J. M. and W. The of 
the superior cervical and accessory cervical ganglia of the rabbit 

Rrrcutz, J. M., Sonavmann, W. and Dovetas, W. W. A study of the effect 
of the pattern of electrical stimulation of the aortic nerve on the reflex 
depressor responses . 


Rircure, J. M., D. R. and Eowanos, C. The effeot of some cations 
on the active state of muscle ‘ F ‘ 


Rosinson, Juprrs A., Innes, I. R. and H. Some proper 
ties of the longitudinal muscle of the guinea-pig ileum ‘ ‘ 


Rosinson, Juprra A., Kosreriirz, H. W. and Pram, Vivien W. The 
mechanism of the peristaltic refiex in the isolated guinea-pig ileum . 


human forearm . 


Ruston, W. A. H. The bleaching and regeneration of cone pigment in 
the fovea of the human eye (T) . : = 


PAGE 


29P 


39P 


59P 


41P 
22P 
520 
76P 
330 
27P 


681 


73P 


4 

| 
S 
| 
3 S 

4P 
15P 
194 
} 31 
220 

| 232 

412 
6P 
cs: 

35P 


LIST OF AUTHORS 


8. J., Forster, C. A. and P. 
during anaesthesia (T) ‘ ; 

SaAMUELOFF, M, and Jogts, N. 

M. and Joris, N. The of the centres in 
diffusion respiration . . 

SaMUELOFF, M. and L. P. effects of cooling on the 
human forearm . 

Sato, M., Diamonp, J. and Ouse, J. A. B. The s site of initiation of impulse 
in Pacinian corpuscles 


Savini, E. C. -meter. simple method for recording blood 
flow . 

Saxsy, O. B. and Scuustrr, E. H. J. Recording camera. , ‘ 

Scuacuter, M., Hotvsrock, D. J. and Maruias, A. P. study 
of kinin, kallidin and bradykinin 

ScHaumMann, W., Dovetas, W. W. and Rrroeute, J. M. A inv of the effect 
of the pattern of electrical stimulation of the aortic nerve on the reflex 
depressor responses. 

Scort, Parricra P. and Greaves, J. P. Variation with age in the haemo- 
globin content and packed cell volume of blood from healthy kittens (T) 

Suaw, T. I., Lewis, P. R. and Loppan, Mary C. Patterns of urine flow in 
human subjects during a prolonged period of life on a 22-hour day 


SHELTON, M., Booker, W. M., DaCosta, Frances and tt, 8. Q. 
Further studies on the effects of cortisone and its — on the 
intact and perfused heart 


Sriver, I. A. Vascular changes in the mammary gland during engorgement 
with milk 


Smyra, D. H. F. A. Effect of phlorhizin on bile 

Smytuies, J. R. Cerebral synapses (T) . 

J. M. Anatomical localization of ‘id inhibition of 
spinal motoneurones 

Spracvug, J. M. D.A. silver stain of 
axons and their terminal branches in the central nervous system (T) . 

Starr, I. On the of certain kar. at 
necropsy . 

Stec, G., Granrr, R. H. D. Differentiation of tonic 
phasic extensor motoneurones by post-tetanic potentiation 


Sremsacn, H. B. and Harris, E. J. The extraction of ions from muscle Y 
water and sugar solutions with a study of the degree of ee wit 
tracer of the sodium and potassium in the extracts . 


W., Dotrvo, M., Horowr1cz, P. and W. Metabolic 
strates in mammalian sympathetic ganglia 

Swan, H. J.C. and Woop, E.H. A method for the continuous ‘bilinisblihate 
of total systemic blood flow in the dog by an indicator-dilution 
technique 

Taytor, G. W. and B. Spontaneous rhythmic contractility 
in human lymphatics . ; 


45P 


65P 
20P 
35P 


25P 


35P 


48P 


12P 


385 


52P 


44P 


3P 


PAGE 
58P 
347 
360 
73P 
54 
27P 
4P 
5P 
14P 
232 
5P 
72P 
659 
|| 


xxii LIST OF AUTHORS 


Taytor, M. G. and McDonatp, D. A. An investigation of the arterial 
system using a hydraulic oscillator. 

Tay.or, 8. H., Worma.p, P.N., Brsnopr, J. M. sek w. Effect 
of supine leg exercise on the splanchnic A-V “ey difference in normal 
subjects. 

Taytor, 8, H., Wormatp, P. N., M. and Doxa, K. W. Blood 
flow changes in the arm exercise in normal 
subjects . 


Toa, C. C. Release of S-hydroxytryptamine (serotonin) 
platelets by tissue extracts : 


Trautwein, W. and Hourrer, O. F. facilitation 
of motor nerve-endings 


TreGear, R. T. Lateral surface and dorsal root records compared in the 
frog spinal cord (T) 


Unperwoop, R. G. and R. for time ss cinemato- 

Vane, J. R. and Paton, W. D. M. Ths excitation of nervous tissue in the 
isolated stomach in vitro electrical dave and 
histamine (T) 


Wang, O. L., H. O., Braptey, 8. E., Carmps, A. W. B. 
and CouRNAND, A. The effect of exercise on the splanchnic blood flow 
and splanchnic blood volume in normal man 


Wa Mary Ann. tests on visual pigment from 
two sea fish 


Watton, A. iil Dove: H. M. The measurement of sperm motility in 
relation to metabolism 


Werner, J. 8., R. F. A. R. The physiological reactions 
of men of two age groups to a hot environment e 

WELD, C. B. ‘Thee clearing thd: fatty aside 

WERNER, A. YVONNE, Morerra, M. F. and Morrram, R. F. The effect of 
venous pressure on the oxygen content of venous blood in the — 
forearm veins 

West, G. B. nd Presence of an unidentified pharmaco- 
logically active substance in skin extracts . . 

West, G. B. and Parrarrt, J. R. Influence of age on tisaue histamine and 

5-hydroxytryptamine 

er, H. O., Brapiey, E. Cups, A. W. 
and WADE, 0. L. The effect of exercise on the splanchnic blood flow and 
splanchnic blood volume in normal man . 


Wippowson, E. M. and McCanos, R. A. Metaboliam, growth 
function of piglets in the first days of life . , 


D. R., Epwarps, C. and The effet of some cations 
on the active state of muscle ‘ . 

Wixson, C. W. M. , Exszn, V. D. and Et.1s, E. The effet of 
on tissue histamine ; inthe rat. 


Witson, G. M., Kiiparriok, R., E. D. 8. 
A comparison of the distribution of “K and *Rb in rabbit and man . 


PAGE 


74P 


9P 


60P 


402 


610 


35P 
171 


6P 


64P 


9P 


56P 


30P 


118 


52P 


255 


19P 


71P 


9P 


| | 
| 
| 
| | 
|| 
| 
| | 
| | 
| 
|| 
4 
|| 
373 
412 
406 
194 


LIST OF AUTHORS 


intestine of the golden hamster (Mesocricetus auratus) ‘ 

Wiseman, G. and K. D. Transamination of _ acid during 
absorption by the small intestine of the dog ‘ 

Waicat, P. G. and Daty, M. pz Bure. The effects of anti-cholinest 
upon peripheral vascular resistance in the dog . ‘ 

Wricat, T. A. and Lioyp, B. B. A four-channel tap for use in human 
respiratory studies . 

Woop, E. H. and Swan, H. J. Ai Sor 
tion of total systemic blood flow in the dog af an indicator-dilution 
technique 

WorMaLp, P.N., Bisuor, J. M., w. wid Patton; H. Effect 
of supine leg exercise on the —— A-V — difference in 
normal subjects . 

WorMaA LD, P. N., Bisnop, J. M., w. H. Blood 
flow changes in the resting arm during supine leg exercise in normal 


subjects 

Wyatt, D.G. A amplifier suitable 
for measuring and recording rapidly varying heart rate. 

Youne, I. and HoLianp, W. W. of the 
neonatal blood pressure (T) 


6P 


68 P 


PAGE 
626 
39P 
475 
34P 
44P 
9P 4 
60P 4 
| | 


SUBJECT INDEX 


Papers published in Proceedings by title only are indicated by T 


Accessory cervical ganglion, conduction 
of impulses through (rabbit), 220 
Acetozolamide, gastric mucosa electolyte 

output affected by (cat), 325 
Acetylcholine, joint blood vessels affected 
touch-receptor affected by (frog), 243 
Acidosis, diffusion respiration inducing 
(dog), 347 
Active state, tet ion 
effect in skeletal mausele on (frog), 414 
Acuity of movement perception, optic 
lobe recording of (locust), 76 
ADH, water and sodium transport in kidney 
slices affected by (rabbit), 294 
Adrenal gland, catechol amines and ATP 
in (rabbit), 17P 
Adrenal medulla, catechol amines and 
ATP distribution in homogenates of 
(ox), 548 
Adrenalectomy, body temperature re- 
ponse to cold affected by (rat), 338 
Adrenaline, amine oxidase inhibition effect 
on excretion of (cat), 13P 
cerebral blood flow affected by (mammal), 
16 
joint blood vessels affected by (dog), 
472 
Adrenergic nerves, blocking action of 
choline 2 :6-xylyl ether bromide on (cat), 
70P 
preliminary experiments on mode of 
action of choline 2:6 xylyl ether 
bromide on (rabbit), 70P 
Aerosol, recording of cough produced by 
(man), 67P 
Aeshna i optic lobe electrical responses 
in, 7 
Age, and packed cell volume 
variation with (cat), 72P 
hot environment effects affected by (man), 
118 
gir gland activity affected by (man), 
13 
tissue histamine and 5-hydroxytrypt- 
amine affected by (rat), 71P 
Alveolar-capillary diffusion equation, 
device for solving, T, 27P 
Aminoacids, active transport by sacs of 
everted small intestine of golden 
hamster, 626 


Anaesthesia, body temperature response 
to cold affected by (rat), 340 
lungs compliance during, T, 58 P 
Anodal polarization, Pacinian corpuscle 
action potential affected by, 56 
Anterior pituitary gland, hypophyseal 
portal blood supply arrest producing 
necrosis of (rat), 4P 
Aortic nerve, reflex depressor respo 
affected by pattern of 
tion of (rabbit), 232 
Apparatus. Balance flow-meter, 27 P 
Continuous intravenous re-infusion of 
lymph (rat), T, 1P 
Hypotonic haemolysis, 27 P 
Aqueous humour, carotid artery occlusion 
and pre-ganglionic cervical sympath- 
ectomy effect on anions of (rabbit), 
31 
Arm, leg exercise effect on blood flow in 
resting (man), 60P 
Arterial blood gases, diffusion respiration 
vffect on (dog), 349 
Arterial pressure, cerebral blood flow 
affected by changes in (mammal), 20 
diffusion respiration effect on (dog and 
cat), 362 
Ascorbic acid, aqueous humour anions 
after carotid artery occlusion affected by 
(rabbit), 32 
Asphyxia, dorsal root potentials affected by 
(frog), 436 
ATP, adrenal medulla distribution of 
catechol amines and of (ox), 548 
Atropine, sarin and TEPP actions on 
circulation affected by (dog), 488 


Balance flow-meter, blood flow recording 
by, 27P 

Bile glucose, phlorhizin effect on (dog), 
20P 


Birth, foetal circulation changes at (mam- 


mal), 202 

Blood, optical properties studied by filter 
photometry, 

Blood platelets, 5 eb tryptamine re- 


tention in (rat), 5 
Body temperature, age affecting hot 
environment effect on (man), 120, 141 
a in normal animal of (rat), 


‘ 
é 
4 
» 


SUBJECT INDEX XXV 


Bradykinin, comparative study of kinin, 
kallidin and (mammal), 14P 

Brain blood flow, factors involved in 
control of (mammal), 10 | 

Bronchial sympathin (cat), 73 P 


Calcium, muscle stretch effect on end- 
potential affected by (frog), 616 
potassium gradient and threshold in 
uterus affected by (rabbit), 154 
by 


recording, 

Carbon dioxide, diffusion respiration effect 

Carotid artery occlusion, aqueous hu- 
mour anions affected by (rabbit), 31 

Carotid sinus denervation, sarin effect 

Catechol amines, adrenal medulla distrib 
tion of ATP and of (ox), 548 

Cathodal polarization, Pacinian 
action potential affected by, 62 

Cell division, studies on mechanism of 
(sea urchin), 50P 

Cerebellum, choline acetylase in de- 
veloping (rabbit and guinea-pig), 567 

excitatory and inhibitory processes acting 

on Purkinje cells in (cat), 520 

Cerebral blood flow, factors involved in 
control of (mammal), 10 

Cerebral cortex, motor areas delineated in 
(goat), 159 

Cerebral synapses, T, 35 P 

Cerebrum, choline a in developing 
(rabbit and guinea-pig), 566 

Cervical sympathetic, organization of 
(rabbit), 220 

Choline acetylase, developing nervous 
system containing (rabbit and guinea- 
pig), 566 

Chortippus, optic lobe electrical responses 
in, 79 

Cinematography, apparatus for time lapse, 
T, 6P 

Cold, temperature distribution in body 
affected by (rat), 336 


Darmstoff, chemical nature of, 64 P 
Denervated kidney, water and cation 
transport in slices of (rabbit), 287 
Depressor reflex, pattern of electrical 
stimulation of aortic nerve affecting 

(rabbit), 232 
» Purkinje cells showing (cat), 


Diffusion respiration, medullary centres 
activity affected by (dog and cat), 
360 


metabolic acidosis in (dog), 347 
Digital sweat glands, age effect on 
activity of (man), 134 
Discriminatory behaviour, acquisition of 
(pigeon), 43 P 
Diurnal rhythm, eosinophil counts showing 
(man), 456 
22-hour day effect on urine flow (man), 
659 
Dorsal root potentials, slow potentials in 
isolated spinal cord relation to (frog), 
433 


Electroretinogram, evidence on origin of, 
T, 46P 
(rabbit), 266 
Embryonic limb bones, triiodothyronine 
effect in tissue culture on (chick), 89 
End-plate potential, muscle stretch effect 
quantal nature of (rat), 571 


Eserine, oxytocic factor output affected by 
injection into supraoptic nuclei of (dog), 
330 


Exercise, splanchnic blood flow affected by 
(man), 9P 

Extensor motoneurones, post-tetanic 
potentiation in differentiating tonic 
from phasic (cat), 12P 

Extensor reflex, flexor reflexes of muscular 
origin compared with (cat), 446 

Eye, visual stimulation effect on electrical 
responses of (locust), 71 


Facilitation, flexor and extensor reflexes 
differences in (cat), 450 

Flexor reflex, extensor reflexes of muscular 
origin compared with (cat), 446 

Fluoride, gastric mucosa electrolyte output 
affected by (cat), 317 

Foetal blood pressure, artificial ventila- 
tion effect on (mammal), 205 

Foetal circulation, birth affecting (mam- 
mal), 202 

Foetus, oxygen consumption relation to 
arterial O, saturation in (sheep), 11 P 

ine uptake from maternal circula- 

tion by (rabbit), 181 

Forearm, local cooling effects on (man), 
73P 

Forearm blood flow, age affecting 
to hot environment of (man), 124 


(frog), 101 
Calliphora, optic lobe electrical responses > 

in, 79 
Eosinophil counts, normal variation in 4 

(man), 456 : 

| 


Xxvi SUBJECT INDEX 


volume plethysmograph measurement 
of (man), 24P 

Forearm veins, venous pressure effect on 
blood oxygen content in deep (man), 


gments, blocking and re- 
generation of 35P 
Free fall, tendon reflexes in (man), 31 P 


Ganglion block, body temperature re- 
sponse to cold affected by (rat), 336 

Gas analysis apparatus, class use, T, 
34P 


Gastric mucosa, fluoride effect on electro- 
lyte output of (cat), 317 

secretion, gastric acidity and 

urine histamine during stimulation of 


(dog), 51P 
noradrenaline action on histamine-in- 

duced (dog), 498 

Giant spikes, Purkinje cells showing (cat), 
527 

Glucose, skin permeability to (rabbit), 174 

Glutamic acid, transamination during 
absorption by small intestine of (dog), 
39P 


metabolism of perfused (rat), 7P 
Heart-lung-kidney preparation, sub- 
stance U-forming factor excreted by 


rate-meter for measuring, T, 6P 
Hexamethonium, cerebral blood flow 
affected by (mammal), 14 
 Calcium-deficient skeletal 
activity affected by (frog), 110 
kidney extract release from platelets of 
(mammal), 406 


Hydraulic oscillator, arterial system 
investigation by, 74P 

Hydroxyindoleacetic acid, recovery in 
urine after in- 
(rat), 6 


kidney extract release from platelets of 
(mammal), 402 
Hypophysis, protein-bound iodine in 
anterior and posterior, T, 41 P 


Hypothalamus, cont hydration effect 


Hypotonic haemolysis, apparatus for 
study of, 27P 


lleum, properties of longitudinal muscle of 
(guinea-pig), 6P 


effect on (man), 59P 

Internal calorimetry, brain blood flow 
measurement by (mammal), 10 

Intraocular pressure, 
affected by (rabbit), 267 

Intraocular spike potentials, optic lobe 
showing (locust), 74 

Invertebrate muscles, early tension 
changes during contraction of, 8 P 

Iodide, foetal uptake after maternal injec- 
tion of (rabbit), 187 

stomach concentration of (mammal), 

213 

Isolated perfused heart, 
on temperature control of, 29 P 


Jejunum, X-irradiation effect on histamine 
content of (rat), 509 

Joint blood vessels, nervous control of 
(dog), 467 


Kidney, serotonin release from platelets by 
extract of (mammal), 405 

Kidney slices, denervation effect on water 
and cation transport in (rabbit), 287 

Knee joint, nervous control of blood vessels 
of (dog), 467 


Langendorff heart perfusion, temperature 
control in, 4P 

Lateral geniculate body, light flashes 
effects on single unit activity in (cat), 


pulmonary 
vascular changes in response to varia- 
tions in (cat), 275 
Lipaemia clearing reaction, free fatty 
acids and, 52P 


Locust, optic lobe electrical responses in, 

68 
Low frequency stimuli, high frequency 
synchronized 


free running time base 
with, T, 1P 


Forearm blood flow, strain gauge and Hypophyseal portal vessels, anterior 
pituitary necrosis produced by arrest 

of blood flow in (rat), 4P 

: on ‘neurosecretory’ material in, T, 41 P 

: Four-channel tap, respiratory studies with 

| (man), 34P 

| ee Inactivation response, Purkinje cells 

showing (cat), 530 

4 Heart, cortisone effect on intact and per- 

‘ fused (dog and rabbit), 45P 

growth hormone action on errbohydrate 

(dog), 562 

Heart rate, self-regulating amplifier and 

j Hot environment, age affecting responses 46P , 

(rat), 341 


SUBJECT INDEX 


Lymphatics, spontaneous rhythmic con- 
tractility in (man), 3P 


Magnesium, muscle stretch effect on end- 
om potential affected by (frog), 
61 
Mammary gland, evidence against a para- 
sympathetic innervation of (goat and 
sheep), 66P 
vascular changes milk engorge- 
ment of (rat), 65P 
Mast cells, X-irradiation effect on (rat), 
512 
reserpine and 48/80 effect on histamine 
and 5-HT in (rat), 10P 
Meat, of raw and cooked (man), 
eceptors, 


stretch of 


Membrane potential, potassium concen- 
tration effect on (frog), 640 

Membrane potential measurements, 
tip potential influence on (frog), 634 

Mersalyl, gastric mucosa electrolyte output 
affected by (cat), 324 

Methanol, skin permeability to 
173 

Miniature booster amplifier, second 
channel of Cossor 1049 oscilloscope, T, 
35P 

Motor cortex, delineation of (goat), 160 

thalamic nucleus stimulation inhibitory 

effect on neuronal activity in (cat), 
40 


(rabbit), 


Motor neurones, temperature effect on 
antidromic activation of (frog), T, 
35P 

Motor terminal arborization, electronic 
potential attenuation in, 42 P 

Multiple-trace cathode ray oscillograph, 
single-gun tube with, T,35P « 

Muscle constant a, thermal and mechanical 
derivation of (Mytilus), 36 P 

Muscle preparation, isolated fibres (crab), 
T, 36P 

Muscle spindles, (man) 1 P 

Muscular work, grading of (man), 17 P 


Necropsy, performance of certain physio 
logical experiments at (man), 48 P 
Neonatal blood pressure, physiological 

responses of T, 68P 
Neuromuscular facilitation, motor nerve- 
ending stretch effecting (frog), 610 
Neuromuscular junction, facilitation at 
(rat), 578 : 
ry substance, histochemical 
investigation of (rat), 41 P 


Nerve impulse, size and fibre composition 
of (rat), 422 
Nerve, sodium and potassium exchange in 
(frog), 395 
New-born, hypoxia, oxygen consumption 
and body temperature in (cat), 69P 
metabolism, growth and renal function in 
(pig), 373 
oxygen consumption relation to arterial 
O, saturation in (sheep), 11 P 


Nitrogen metabolism, newborn and (pig), 
378 

Noradrenaline, histamine-induced gastric 
secretion affected by (dog), 498 

joint blood vessels affected by (dog), 472 

Nucleus ventralis lateralis, motor cortex 
neuronal inhibition by stimulation of 
(cat), 40 


Odour likeness, olfactory adaptation and 
(man), 301 
en, potassium gradient and thres- 
hold in uterus affected by (rabbit), 148 
Olfactory adaptation, odour likeness and 
(man), 301 
Optic lobe, visual stimulation effect on 
electrical responses of (locust), 68 
eit high-speed infra-red recording, 


Passo lack, hypercapnia and acapnia 
effects on respiratory response to (man), 
47P 

Oxytocic factor, anticholinesterases injec- 
tion into supraoptic nuclei affecting 
output of (dog), 330 


Pacinian corpuscle, site of initiation of 
impulses in, 54 
Parotid saliva Na/K ratio, rapid change in 
Na balance effect on (sheep), 37 P 
Peripheral resistance, sarin and TEPP 
action on (dog), 480 
Phliorhizin, effect of, on bile glucose, 20 P 
Plasma adrenaline and noradrenaline, 
haemorrhagic and anaphylactic shock 
effect on (dog), 49P 
Platelets, ATP breakdown during clotting 
(mammal), 61 P 
Post-excitatory pause, Purkinje cells 
showing (cat), 53? 
Potassium gradient in myometrium, 145 
kidney denervation effect on slice trans- 
port of (rabbit), 291 
membrane potential affected by (frog), 640 
rubidium distribution in body compared 
with that of (man and rabbit), 194 


XXVil 
Nitrogen balance, pregnancy effect on 
(rat), 167 


Potassium, skeletal muscle exchange of 
(frog), 389 

Potassium excretion, 22-hour day effect 
on pattern of (man), 672 

Pregnancy, nitrogen balance in (rat), 167 

thyroxine distribution between mother 

and foetus during (rabbit), 181 

Procaine, Pacinian corpuscle action poten- 
tial affected by, 62 

Progesterone, potassium gradient and 
uterine tension affected by (rabbit), 153 

Pulmonary arterial pressure, left auri- 
cular pressure variations affecting (cat), 
277 

Pulmonary vascular resistance, left 
auricular pressure variations affecting 
(cat), 278 

Pulse rate, age affecting response to hot 
environment of (man), 123 

Purkinje cells, excitatory and inhibitory 
processes acting on cerebellar (cat), 520 


Renal function, diet effect in new-born on 
(pig), 377 

Reserpin, effects of ritalin and (monkey), 
Film, 1P 

Respiratory centre, diffusion tion 
effect on activity of (cat and dog), 367 

Respiratory valve, modified ‘Cormack’ 
32P 

Resting potential, calcium deficiency effect 
on skeletal muscle (frog), 103 

Reticulo-rumen, acid inhibition of con- 
tractions of (sheep), 76P 

Retinal ischaemia,  electroretinogram 
affected by (rabbit), 266 

Retinal photopigments, reflected and 
transmitted light study of (rat), 55P 

Rubidium, potassium distribution in body 
compared with that of (man and rabbit), 
194 

Rumen, its contents and adrenaline in- 
fluence on blood supply of (sheep), 76 P 


Saliva, plasma proteins secreted in, T, 
54P 


Salivary glands, thyroid hormone distri- 
bution not affected by (rat), 603 

Sarin, circulatory effects of (dog), 478 

Sciatic nerve, histamine release by 48/80 
from perfused (cat), 63 P 

Secretin, biological assay of, T, 1 P 

Serotonin, kidney extract release from 
platelets of (mammal), 405 

Sickling rates, maintenance in similar 
populations of different (man), 15 P 

Silver stain, degenerating axons and 
terminal branches in C.N.S., T, 35P 


SUBJECT INDEX 


Single muscle fibres, ionic concentration 
changes effect on tension produced by, 
T, 27P 
Sinus venosus, acetylcholine action on 
potassium movements in (frog and 
tortoise), 58 P 
Skeletal muscle, calcium deficiency effect 
internal and external potassium concentra 
tion effect on membrane potential of 
(frog), 631 
sodium and potassium exchange in (frog), 
385 


6 y m ion effect on active 
state of (frog), 414 
TEPP action on blood vessels of (dog), 


481 
Skin, permeability to non-electrolytes of 
(rabbit), 171 


sweat gland activity as contributory 
factor to heat vasodilatation in (man), 
68P 
TEPP action on blood vessels of (dog), 
481 
unidentified pharmacologically active sub- 
stance in extracts of (rabbit), 19 P 
X-irradiation effect on histamine content 
of (rat), 508 
Skin stretch receptors, response of (frog), 
590 
Small intestine, amino acids active trans- 
port by sacs of everted (golden 
hamster), 626 
Smell, olfactory adaptation in (man), 301 
Sodium, fluoride effect on efflux from 
stomach of (cat), 322 
kidney denervation effect on slice trans- 
port of (rabbit), 291 
membrane potential affected by (frog), 
644 


skeletal muscle exchange of (frog), 386 
Sodium excretion, 22-hour day effect on 
pattern of (man), 672 
Sperm motility, metabolism and measure- 
ment of (ram and bull), 30P 
Spinal cord, dorsal root potentials relation 
to slow potentials in (frog), 433 
lateral surface and dorsal root records 
compared in (frog), T, 35P 
Spinal motor neurones, studies on 
activation of (frog), 53P 
anatomical localization of excitation and 
inhibition in (cat), 25P 
Splanchnic A-V oxygen difference, 
supine leg exercise effect on (man), 
oP 
Splanchnic blood flow, exercise effect on 
(man), 9P 
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SUBJECT INDEX xxix 

Thiourea, skin permeability to (rabbit), 
174 

Thoracic compliance, anaesthetized 


Splanchnic nerve afferents, 
representation of (cat), 16P 
Spontaneous miniature potentials, 
neuromuscular junction showing (rat), 
572 
Stomach, excitation of nervous tissue in 
isolated, T, 77 P 
radio-iodide and ™S-labelled thi 
concentration in (mammal), 213 
X-irradiation effect on histamine content 
of (rat), 509 
Stretch, calcium-deficient skeletal muscle 
activity affected by (frog), 107 
Substance U, factor in urine forming (dog), 
558 
Superior cervical ganglion, conduction 
of impulses through (rabbit), 220 
Superior laryngeal nerve, functional 
analysis of myelinated fibres of (rat), 
420 
Supraoptic nuclei, oxytocic factor output 
affected by anticholinesterase injection 
into (dog), 330 
Sweat gland, 
(man), 132 
sweating and innervation of (horse), 67 P 
Sweating, age affecting response to hot 
environment of (man), 122 
Sympathetic ganglia, metabolic 
strates in (rat), 52P 
Sympathin (cat), 73 P 
Systemic blood flow, indicator-dilution 
technique for continuous determination 


age effect on activity of 


sub- 


Temperature control in heart perfusion, 
4P 


Tendon reflexes in free fall, 31P 

Tenuissimus muscle, structure of (cat), 
35P 

TEPP, circulatory effects of (dog), 478 

cerebral blood 


flow affected by (mammal), 14 
skeletal muscle active state affected by 
(frog), 414 
Thalamic nucleus, motor cortex neuronal 
inhibition by stimulation of (cat), 40 
te, stomach concentration of 
*5§-labelled (mammal), 213 


paralyzed subjects and (man), 22P 
Thyroid gland, afferent fibres from (rat), 
428 
Thyroid hormone, salivary glands effect 
on distribution of (rat), 603 
Thyroxine, embryonic limb bones in tissue 
culture affected by triiodothyronine 
and by (chick), 96 
foetal uptake after maternal injection of 
(rabbit), 181 
Touch receptor, acetylcholine action on 
(frog), 243 
stretch effect on response of (frog), 594 
Triiodothyronine, embryonic limb bones 
in tissue culture affected by (chick), 89 


Urine, substance U-forming factor in (dog), 
558 

Urine flow, 22-hour day effect on pattern 
of (man), 659 

Uterine motility, two hypothalamic 
systems controlling (rabbit), 57 P 

Uterus, potassium gradient and threshold 
relation in (rabbit), 145 

Vv triction, critical closing 
of limb vessels affected by (frog), 23P 

Vasomotor centre, diffusion respiration 
effect on activity of (cat and dog), 


368 

Venous blood oxygen content, venous 
pressure effect on deep forearm (man), 
255 

Venous pressure, blood oxygen content 
in deep forearm veins affected by (man), 
255 

Ventricular fibrillation, factors affecting 
(rabbit), 62P 

' method of study in isolated heart of, T, 
6P 

Vision of the conger eel, 56 P 

Visual pigments, homogeneity tests on 
(gurnard and conger), 56 P 


X-irradiation, tissue histamine affected by 
(rat), 506 
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